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ABSTRACT
In natural environments, bacteria are surrounded by other organisms
such as eukaryotic phytoplankton and other bacterial species. Specialized metabolites are encoded within bacterial genomes and are expected to play a
large role in mediating interactions with other cells. Furthermore, chemical
communication in bacterial communities is a key component to controlling
group behaviors including virulence. Marine Pseudoalteromonas spp. produce
a plethora of specialized metabolites, suggesting a reliance on the biosynthesis, secretion, and response to chemical cues. This dissertation explores the
prevalence and function of signaling molecules and specialized metabolites
produced by two species of Pseudoalteromonas.
The first study, which is reported in chapter 2, describes the role of the
quorum sensing molecule, 2-heptyl-4-quinolone (HHQ) in phytoplankton bloom
dynamics. This study aims to identify the concentrations of HHQ in a coculture
environment with Pseudoalteromonas galatheae A757 and the marine coccolithophore Emiliania huxleyi CCMP2090. Furthermore, this study expands on
phytoplankton growth responses to the presence of A757. To further support
experiments, it was verified that HHQ is stable over a 28 day incubation period
at laboratory conditions that mimic the environmental parameters. When cocultured together, there are two distinct spikes in HHQ, during exponential
growth phase and, more interestingly, during a second growth phase of A757

growth. We hypothesize that HHQ is coordinating bacterial phenotypes in response to E. huxleyi cell death and the availability of nutrients.
The second study described in Chapter 3, is comprised of a bioinformatic analysis of Pseudoalteromonas sp. JC3 and evaluating possible avenues of probiotic effects against acute hepatopancreatic necrosis disease
causing Vibrio parahaemolyticus PSU 5579, a pathogen that infects the whiteleg shrimp, Litopeneus vannamei. Genes encoded for production of hydrogen
peroxide, biofilm formation, production of outer membrane vesicles, and the
production of specialized metabolites including darobactin and alterochromides were identified within the JC3 genome. Experiments were designed
to evaluate the influence of potential routes of growth inhibition of V. parahaemolyticus PSU 5579. Interestingly, hydrogen peroxide, biofilm formation and
the production of various specialized metabolites were not found to play a role
in growth inhibition of V. parahaemolyticus PSU 5579.
Other contributions to aquaculture, antibiotic drug discovery and undergraduate teaching manuscripts are reported in this dissertation as appendices.
Citations of published manuscripts can be found at the end of this section. Appendix C outlines a LC-MS/MS experiment I developed to detect signaling
molecules produced by Phaeobacter inhibens S4 (publication pending in Applied and Environmental Microbiology). I have made contributions to two manuscripts involving human pathogens. In 2021, a publication in the Journal of
Antibiotics outlined the discovery, synthesis, and putative mechanism of action

of a small molecule antibiotic against a multi-drug resistant strain of Acinetobacter baumannii.1 A screen of the University of Rhode Island, Principle
Rhode Island Secondary Metabolite (PRISM) library led to the discovery of a
known molecule produced by the tulip popular that has anti-Staphylococcus
aureus properties. This paper, pending publication the Journal of Natural Products, describes structure activity relationships of a class of sesquiterpene lactones and their bioactivity.
For two semesters in graduate school, I had the pleasure of assisting
Dr. Matthew Bertin in teaching an undergraduate research course, BPS 451:
Techniques in Medicinal Chemistry and Molecular Biology. In this course, students are immersed in Natural Product Chemistry and utilize complex techniques including HPLC and LCMS. Two publications (1 published, 1 pending
publication) in the ACS Journal of Chemical Education describe the pipeline,
methods, and techniques used for a successful lab-based semester.2
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CHAPTER 1

INTRODUCTION
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Introduction to the Dissertation: A Brief Background on the Art and Science of
Natural Products Chemistry for the Purpose of Scientific Discoveries

Margaret Rosario

Abstract
Natural products have long been an inspiration to chemists and pharmacologists for the purpose of creating new medicines. This chapter presents some
of the ideas, methods, and strategies for these pursuits. While this chapter is
far from comprehensive in the description of these practices, it will hopefully
achieve the goal of providing a sufficient background for uninitiated audiences
to appreciate the more technical Chapters that follow. This introduction outlines marine Pseudoalteromonas and routes to study their roles in biomedical
and ecological settings.

1.1 Natural product drugs
Natural products remain a vast resource of drug discovery. From 1981 to
2019, natural products, their derivatives and drugs designed from a natural
product pharmacophore accounted for >60% of the approved small molecule drugs.1 Marine natural products (MNPs) also provide a plethora of
unique chemical structures for drug discovery. This is not unexpected,
since the marine environment is exclusively home to 12 of the 31 known
phyla on Earth, and therefore represents a greater reservoir of biodiversity
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than the terrestrial biosphere.2 Invertebrates such as sponges, bryozoans,
tunicates and others have been studied since the 1960s due to their rich
production of complex molecules that frequently demonstrate biomedically
relevant activities. Additionally, marine microorganisms have inspired drug
discovery efforts in response to discoveries of new taxa, an example of
which is the obligate-marine actinomycetes belonging to the genus Salinispora and the unprecedented molecules that they produce (e.g., the proteosome inhibitor salinisporamide which is under investigation as an anticancer treatment). In 2020, eight clinically used therapeutic agents were
derived from MNPs and more than twenty were in clinical trials.3 This
demonstrates the immense potential of MNPs to amplify the chemical
space of molecular libraries to help bring new medicines to bear on diseases.

1.1.1 Marine natural product chemistry
Secondary metabolites are small molecules with functions such as antibiotics, pigments, pheromones, anti-predation compounds, and siderophores,4 among others.5 Secondary metabolites are often relatively
large organic compounds with complex stereochemistry. They are attractive compounds for potential pharmaceutical applications in spite of
Lipinski’s Rule-of-Five, a commonly held set of rules that are followed in
drug design efforts. At the start of the combinatorial chemistry era in the
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1990s, these rules were established to assist medicinal chemists design drugs for critical properties such as cell penetration and oral bioavailability in humans.6 The rules are as follows:
•

Molecular weight of <500

•

Partition Coefficient: Log P<5

•

Hydrogen-bond donor <5

•

Hydrogen bond acceptor <10

•

Natural products or any molecules recognized by active transport do
not apply to the previous 4 rules.7

The 5th and often overlooked rule states that natural products do not
obey the previous four rules, suggesting that natural products are exceptional molecules that have evolved over time to reach biological targets with potent specificities.

Natural product chemists traditionally use a unique bioassay-guided
isolation pipeline that (Fig. 1) begin with collections of organisms from a
selected environment. Marine specimens such as corals and sponges
are collected, identified by morphological and genetic inspection, and
deposited in repositories for future taxonomic identifications and comparisons. Raw tissues are ground up and the secondary metabolites
are extracted with solvents that are chosen based on their abilities to
solvate organic molecules of various polarities. As examples, methanol
and ethyl acetate are frequently employed due to their ability to dissolve
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medium polarity compounds such as those mentioned above. Microorganisms are typically isolated from substrates such as sediments and
biological surfaces using agar growth media. Colonies are purified by
repeated isolations on growth media, identified by sequencing and
characterization of key genes (e.g., 16S rRNA for bacteria), and are
cryogenically stored for future study. Marine phytoplankton are also a
source of unique compounds and must be maintained in continuous laboratory cultures. Microbial cultures that are grown in laboratories are
extracted with organic solvents, sometimes with the aid of resins.

Next, the chemical extracts can be tested for bioactivity using assays of
interest, including antibacterial, antifungal, anticancer, etc. Samples that
demonstrate the activity of interest are then selected for the process of
isolating and identifying the bioactive molecule(s). Natural product
chemists are experts in using a wide array of chromatography techniques to separate mixtures of molecules based on differing properties,
such as polarity, molecular size, and charged state. A particularly powerful tool is high performance liquid chromatography (HPLC), which is
nowadays frequently coupled to a mass spectrometer (MS), creating a
tool known as HPLC-MS. The advancements made in HPLC-MS methods in recent years have enabled more sophisticated workflows for rapidly identifying active molecules as well as those that are already known
to science (i.e., dereplication, the identification of a previously reported
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compound). HPLC is used for compound purification and is frequently
the final step in the compound purification process.
After the pure and active molecules are isolated, structure elucidation
and confirmation are then completed using high resolution mass spectrometry (HRMS), nuclear magnetic resonance spectroscopy (NMR), as
well as other spectroscopic tools such as infrared and ultraviolet spectroscopy. In section 1.1.4, these steps will be described in further with a
focus on marine bacteria.

1.1.2 Natural product collections
Collections occur in a variety of marine environments at depths accessible by SCUBA, extreme depths using submersibles, or in shallow environments by hand, such as tidepools. Scientists have explored intriguing sources such as seal and penguin feces.8 Environments with extreme conditions including exceptionally hot and cold temperatures, or
extreme salinities, can select for unique organisms that may provide
equally unique compounds for pharmaceutical purposes.9

Marine bacteria often harbor numerous biosynthetic gene clusters
(BGCs) in their genomes, suggesting the ability to produce an array of
different secondary metabolites for various purposes. However, not all
of these BGCs may be activated in laboratory cultivations; these are
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sometime referred to as “cryptic” or “silent” gene clusters. Factors including bacterial growth phase, media components, temperature, motion, and the presence of potential competitors play a role in the diversity of secondary metabolites produced. Throughout the bacterial
growth curve, different processes are occurring, resulting in different
secondary metabolites being present.10 (Fig. 2) Early in the cell growth,
bacterial cells are extensively undergoing metabolic pathways such as
the TCA cycle for cell growth11 and production of autoinducers for bacterial chemical communication, a phenomenon known as quorum sensing, may be taking place. During stationary phase, bacterial cells may
begin to form biofilms, produce stress factors, or produce selected secondary metabolites such as antibiotics. Death phase occurs when cells
being to perish while some enter a viable but non-culturable state
(VBNC) or mutate into dormant, persister cells. Secondary metabolites
are often produced at the end of exponential to beginning of stationary
phase making this an attractive point in bacterial growth for harvesting
and extracting potentially bioactive components.12 Aside from bacterial
growth phases, culture medium and growing conditions play a key role
in gene expression. Media (pH, sugar availability, etc) and growth conditions (temperature, shaking rpm, etc) can be altered to upregulate expression of genes.13

1.1.3 Secondary metabolite extraction from cultures of marine bacteria
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There are many techniques used for the extraction of secondary metabolites, including the use of various solid phase resins and solvent-solvent partitions. Solid phase resins are beads with binding affinity for
specific molecules including small secondary metabolites. One commonly used resin is Amberlite XAD, a non-polar, hydrophobic resin.14
Resins are added to bacterial cultures and incubated to bind secondary
metabolites. This allows resins to capture molecules that potentially
could be taken up by bacteria, preserving them for future chemical and
biological studies. The marine bacterium Pseudovibrio denitrificans produced a set of bromotyrosines that could only be detected when bacteria was grown with XAD resin.15 A second example is the Gram-negative selective antibiotic, darobactin which was isolated from Photorhabdus spp. using XAD-16 resin.16 Using resins in bacterial cultures allows
for the cultivation of diverse metabolites that may only be present at
specific timepoints throughout culture growth.

A second widely used extraction method is performed by partitioning
the aqueous culture supernatant with an immiscible organic solvent
such as ethyl acetate or dichloromethane. This extraction technique often begins by removing bacterial cells from the supernatant using centrifugation since these can promote the formation of inseparable emulsions. Cells can also be utilized for extraction of metabolites and molecules that would not otherwise be secreted, including peptidoglycan,17
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but this will not be further discussed in this chapter. Partitions involve
two or more immiscible solvents which separate compounds based on
polarity. As is often said in chemistry, ‘Like dissolves like’, so in a commonly used ethyl acetate partition, the organic secondary metabolites
are more soluble in the ethyl acetate layer while media components and
salts will remain in the water layer.

One major challenge when extracting marine natural products from bacteria is the presence of salt. Marine bacteria are generally cultivated in
30% salt water (typical to a marine environment), but this salt must be
removed prior to chemical analysis, especially with salt sensitive instrumentation such as mass spectrometers. When processing cultures containing XAD, the resins are typically first washed with water then metabolites are eluted using organic solvents such as methanol and dichloromethane. In this scheme, the water is responsible for eluting the remaining salts. During partition extraction methods, salts move into the
water phase. Multiple washes are often pursued to ensure that no salts
remain within the extract.

1.1.4 Analytical tools for isolation and structure elucidation
High performance liquid chromatography (HPLC) and liquid chromatography mass spectrometry (LC-MS) are two analytical techniques used
to isolate bioactive metabolites and aid in their structure elucidation.
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LC-MS instruments available at the University of Rhode Island College
of Pharmacy are outlined in Table 1. Liquid chromatography (LC) is a
separation technique carefully using selection of a stationary phase (LC
column) and a mobile phase (solvents) to effectively separate molecules within a complex mixture and to create a metabolite profile of a
sample. Two typical types of LC methods are referred to as ‘normal
phase’, where a stationary phase (e.g., silica gel) is paired with organic
solvents (e.g. ethyl acetate and hexanes),18 and ‘reversed phase’
where a nonpolar column (e.g., C18 resin) is used with more polar solvents, such as water and methanol or acetonitrile.19 Most of the LC
methods performed in this dissertation research relied on reversed
phase LC.

HPLC can provide valuable insights into the chemical complexity of
samples and is occasionally employed to fractionate extracts directly
into 96-well plates for bioassay testing. HPLC instruments are commonly coupled to UV and MS detectors for helping to visualize when
compounds elute from the column and to provide information on the
molecular structures. MS detectors are particularly useful since they
can measure the characteristic ‘mass to charge’ ratio (m/z) of an analyte, an indicator of its molecular weight. Some powerful MS detectors,

10

sometime referred to as tandem mass spectrometers, can select specific ions for fragmentation and then measure the m/z of the product
ions, providing further structural information about the analyte.

Bioinformatics tools can be used to process MS/MS data and generate
molecular networks to show how certain analytes may be structurally
related to one another. This is particularly helpful in the structure elucidation process.20 A major pitfall for natural product chemists is the isolation of a previously identified compound, which puts a premium on the
rapid ‘dereplication’ of these molecules . To combat this issue, dereplication relies on identifying molecules using databases such as the
global natural products social molecular networking platform (GNPS).20
Untargeted LC-MS/MS spectra are acquired using instruments such as
the ThermoFisher LTQ. Then, raw files of MS data are converted into
.mgf or .mzXMLand uploaded into the GNPS platform. The output is a
web, or network, of compounds (Fig. 3) that cluster together based on
MS/MS fragmentation patterns. Compounds that are identical to those
in the GNPS database are rapidly identified and similar but potentially
new structures are indicated using the network. Figure 3 depicts a network containing the identified bromoalterochromides A/A’ structure networked with molecules having similar fragmentation patterns. Furthermore, GNPS allows users to compare MS/MS spectra within the database to the MS/MS spectra generated by the user (Fig. 4). This allows
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for a deeper understanding of the similarity of known compounds and
allows researchers to link their data sets for the advantage of all users.

1.1.5 Genome mining for natural product discovery
NextGen sequencing technology has rapidly accelerated the opportunities to analyze genes encoded in bacterial genomes. Biosynthetic gene
clusters (BSGs) are continuous sequences of DNA in a bacterial genome that provide all the necessary genes for the synthesis of a secondary metabolite. Identification of these BSGs can be performed using bioinformatic platforms such as antiSMASH,21 RAST,22 and BAGEL,23 and are now increasingly relied upon to predict the structures of
the encoded natural product. Scientists can also use these tools to predict specialized metabolites with a potential bioactivity. Even though a
gene is encoded in a genome, gene expression may not be activated
under laboratory conditions.24 Hence, information about silent genes
clusters can encourage further exploration of growth conditions to promote the expression of genes and therefore access to their secondary
metabolite.

In this dissertation, Chapter 3 describes the genome of a marine bacterium, Pseudoalteromonas sp. JC3, and the identification of its biosynthetic gene clusters discovered using the bioinformatic tools antiSMASH, RAST and pBLAST NCBI searches.25 Using a genome
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based approach, we hypothesized how JC3 may interact with other microorganisms and potentially provide probiotic activity in a shrimp aquaculture model. These hypotheses were further explored in Chapter 4,
which details the possible mechanisms of action of the putative probiotic, JC3 against the shrimp pathogen, Vibrio parahaemolyticus.

1.2 Challenges and limitations in marine natural product chemistry
When pursuing drug discovery related research with natural products,
especially with marine invertebrates, it is important to consider preservation of the ecosystems. A major limitation of MNP drug discovery can
be harvesting sufficient biomass to yield enough of a compound for clinical evaluation or use. Collections of organisms for their MNPs should
not decimate the populations of the collected species to the threshold of
collapse. Sufficient native population must be maintained for future
growth and regeneration of that species. Current developments of curated MNP databases26 and in silico modeling increases the potential
for future development of MNP therapeutics and may reduce the requirement for large scale collections.27

Identification of the true producer of a molecule of interest can also be a
challenge. The yield of bioactive material from sponges is dependent
on extraction methods, but bioactive molecules only account for a maximum of 15% sponge weight.28,29 Evidence shows that true producers in
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some cases are endosymbiotic bacteria associated with the harvested
MNP.30,31 Endosymbiotic bacteria make up ~50-60% of a sea sponge
dry weight32 and can provide a biological defense system against predators via their production of bioactive secondary metabolites.31,33 For
example, bryostatin-1 is a MNP currently in phase II clinical trials for
treatment of Alzheimer’s disease.34 Bryostatin-1 was originally isolated
from the bryozoan, Bugula neritina but is synthesized by the symbiotic
bacterium, Candidatus Endobugula sertula.35 Identifying the true producer of a bioactive metabolite is a critical step in reproducing data.

Another challenge in natural product chemistry is the isolation of artifact
compounds. These are compounds that are derived of natural products
but contain small modifications that are a result of the isolation process.
Formation of artifacts can lead to a loss of activity and difficulty reproducing identical results from extraction or purification methods.36 Resin
extraction can yield artifacts as a product of resin bead breaking and
rupturing.14 Common solvent artifacts include conversions of alcohols
into esters via reactions with carboxylic groups and the addition of chlorine atoms during extractions performed in chloroform.36 Alternative extraction techniques, such as extractions using ionic liquids, may reduce
the occurrence of artifacts,37 but these are always possibilities that must
be considered when studying molecules from nature.
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1.4 The influence of Pseudoalteromonas spp. in marine environments
Pseudoalteromonas spp. are ubiquitous Gram-negative gammaproteobacteria found in marine environments.38 Pseudoalteromonas bacteria
are known to have relatively large genomes with an average size of 4.8
Mb.39 Pseudoalteromonads are known to be particle associated, such
as in the case of P. galatheae A757,40 or live planktonically in the water
column.41 The Pseudoalteromonas genus is comprised of two phenotypes: pigmented and nonpigmented. Pigmented species are producers
of complex metabolites, including the bromoalterochromides42,43,41 and
violacein,43 (Fig. 5) among others.44 Non-pigmented strains are proposed to have less biosynthetic potential.44

Pseudoalteromonas spp. produce a wide array of specialized metabolites from different biosynthetic pathways. Polyketide (PKS) biosynthesis utilizes building blocks such as acetate and propionate, which are
accessed in the form of adducts with Coenzyme A (CoA), and transforms these via enzymes known as polyketide synthetases.45 Specialized metabolites from Pseudoalteromonas spp. formed by PKS include
thiomarinols,43 small benzoic acids,46 and various brominated phenols.47 (Fig. 5) Non-ribosomal peptide synthetases (NRPS) are enzymes responsible for the production of structurally diverse peptide natural products. NRPS enzymes are present in Pseudoalteromonas and
diverse other bacteria. A series of NRPS domains are arranged to add
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amino acid sequences and modify their structures.48 For example,
Pseudoalteromonas spp. produce bromoalterochromides, a set of complex lipopeptides that demonstrate activity against Gram-negative organisms.42,49 Chemical profiling of Pseudoalteromonas isolates is very
complicated because of the their significant biosynthetic potential in pigmented isolates. Excellent review papers, including Offret et al.50 and
Bowman, JP41, provide an overview of secondary metabolites produced
by Pseudoalteromonas spp.
1.4.1 Implications in chemical ecology
Biogeochemical cycling is influenced by bacterial interactions with phytoplankton.51 The unicellular bloom forming coccolithophore, Emiliania
huxleyi has been widely studied for contributions to biogeochemical cycling.52,53 Production of dimethylsulphoniopropionate (DMSP) attracts
bacteria which then convert DMSP into the volatile dimethyl sulfide
(DMS).54 Bacteria are key modulators in such complex cycles but their
influence on overall chemical ecology is more complex, and may include the production of specialized metabolites that adversely affect
phytoplankton health. For example, some Pseudoalteromonas spp. produce toxic brominated metabolites, such as tetrabromopyrrole55 and
pentabromopseudilin.56 (Fig. 5) Tetrabromopyrrole causes phytoplankton mortality with an IC50 of <100 nM, including against Mantoniella sp.
and Emiliania huxleyi.55 Pentabromopseudilin producing strains of
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Pseudoalteromonas spp. have shown toxicity against brine shrimp (Artemia) after only 4 hours of co-incubation.57 The exact toxicity mechanism for the brominated metabolites is undetermined, but these data
suggest potentially antagonistic roles for Pseudoalteromonas spp. in
marine environments.

Pseudoalteromonas have also developed sophisticated mechanisms to
deliver toxic molecules to nearby cells, such as bacteria competitors or
eukaryotic prey. For example, Richards et al. described the use of outer
membrane lytic vesicles by Pseudoalteromonas piscicida to kill Vibrio
parahaemolyticus. These vesicles may be packaged with proteases
and peptidases that create holes in the vibrio cells leading to cell
death.58 It is likely that lytic vesicles can also contain specialized metabolites that promote toxic effects on the receiving cells59 and signaling
molecules.60
1.5 Pseudoalteromonas spp. chemical communication through production of
autoinducers
Quorum sensing (QS) is a bacterial communication system that controls
group behaviors in a population dependent manner. Two types of QS
signaling compounds, known as autoinducers, that are used in Gamnegative bacteria are acyl homoserine lactones (AHLs) and alkyl quinolones (AQ). Autoinducers are synthesized, secreted and sensed by
bacteria within the population. At a low cell density, there is insufficient
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production of the autoinducer to trigger an effect. However, at a high
cell population, increased production of the signal may result in the attainment of a threshold concentration that then results in coordinated
gene expression by the bacteria community (Fig. 6). Quorum sensing is
heavily regulated by two proteins, LuxI and LuxR. LuxI and its homologs encode for enzymes to synthesize and release autoinducers.61 Autoinducers enter the cells and bind to their cognate receptors, such as
LuxR, which can then bind to a promoter and initiate gene expression.62
QS regulated activities in bacteria include luminescence,62–64 virulence
factor production,61 and biofilm formation.65

Two general structures of autoinducers are well known, acyl homoserine lactones (AHL) and alkyl quinolones (AQ). The core structure of
AHLs is the N-acetylated homoserine-lactone ring with a carbon chain
of 4-20 carbons in length; the alkyl chain can further be oxygenated
(Fig. 7A and B).64,66 The general AQ structure is a quinolone ring containing an alkyl carbon chain which varies between 3-19 carbons in
length (Fig. 7C, 7D). Sites of unsaturation in the alkyl chain is possible,
but these structures remain largely uncharacterized.67
Functions beyond chemical communication have been proposed for
quinolone molecules in both clinical settings and in marine ecology.
The Pseudomonas quorum signal (PQS) has been well studied in the
context of Pseudomonas aeruginosa infections.68 Clinical implications
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including facilitating host immunomodulatory activities68 and impacts on
the host central nervous system69 have recently been explored. In marine ecology, the QS precursor, 2-heptyl-4-quinolone (HHQ) is a known
anti-algal compound.40 Recent advances in mass spectrometry and molecular techniques, including gene knockouts, are now enabling targeted investigations of the roles that these QS compounds play.
1.5.1 Mass spectrometry methods for detection of autoinducers
As previously mentioned, liquid chromatography coupled with mass
spectrometry (LC-MS) is a powerful technique used to quantify and detect molecules. One specialized form of LC-MS is multiple reaction
monitoring (MRM). In LC-MS, molecules are separated using LC then
ionized and detected using mass spectrometry (MS). Fragmentation occurs when a precursor mass is dissociated, forming a product ion.
These events occur when the instrument settings are set to specific parameters (e.g., voltages, gas flows and temperatures) that cause ions to
fragment in predictable patterns. Using compound standards, we can
optimize these parameters for specific compounds of interest. For
quantification purposes, standards are analyzed at known concentrations, and ion counts then are plotted versus concentration to create
standard curves, which can then be used for determining abundance of
compounds in experimental samples. Examples of this approach are
described in Chapter 2.
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MRM LC-MS can also be utilized for a targeted analysis of autoinducers, as described in Chapters 2 and 4. Fragmentation patterns for a
compound class of interest can be used to screen bacterial exudates
for the presence of the specific autoinducers.67,70 Work highlighted in
this dissertation was completed using such targeted analysis where
parent ions and their corresponding product ions are manually set in the
MS method parameters. However, these targeted analyses come with
limitations that must be considered. For example, the instrument will
only identify the predicted ions that are programmed into the method
and will miss other metabolites that may be present but are unanticipated. Even so, targeted LC-MS detections are powerful approaches
for the detection and quantification of specific molecules of interested
and often provide a sensitive and selective means to answer research
questions and generate hypothesis for future studies.

1.6 Future perspectives for bacterial communication
Prokaryotic life has been evolving for millions of years allowing them to
acquire specialized modes of communication.71,72 Modern advances in
genome sequencing and bioinformatic analysis have opened avenues
for discovering putative genes involved in bacteria-bacteria interactions.
Mass spectrometry methods have enabled scientists to detect signaling
molecules present in nanomolar quantities.
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Integrating these technologies was a strategy set forth in this dissertation to answer questions at the interface of chemistry, microbiology, and
ecology. The overall theme of this dissertation research has been to explore how molecules involved in bacterial communication can influence
interspecies and even interkingdom interactions in the marine environment. Chapter 2 focuses on an interaction between a Pseudoalteromonas bacterium and the coccolithophore, Emiliania huxleyi. Chapters 3 and 4 are dedicated to the study of another Pseudoalteromonas
and its influences on the pathogenic bacterium Vibrio parahaemolyticus
and different shrimp species. The aim was to reveal molecules as
drives in chemical ecology and deduce potentially new mechanisms of
bacterial interactions with other organisms.

In the current -omics focused era, proteomics and transcriptomics are
processes used to monitor the expression of proteins73 and genes74
when organisms are exposed to various abiotic and biotic stressors.
Metabolomics and proteomics are used to chemically profile the organism, generally using mass spectrometry based approaches.75 By implementing two or more -omic approaches, scientists can explore how environmental and genomic factors control the production of specialized
metabolites, thereby informing how organisms are likely to interact on a
molecular level and how the full complement of biosynthetic products
can be accessed for biomedical testing.
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Figure 1: Bioassay guided isolation of marine natural products includes
sponges, coral, bacteria etc. The collection of MNPs is followed by extraction
which is dependent on the MNP. Bacteria require purification and cultivation
while sea sponges and corals require a mortar and pestle prior to extractions.
After material is extracted, these extracts are tested in an area of interest
which may include antibacterial and anticancer. If active, this complex mixture
of metabolites is analyzed and dereplicated using mass spectroscopy followed
by purification via HPLC. Next, pure molecules are retested for activity. The
active molecule is now pure and can be identified or characterized using high
resolution mass spectrometry and nuclear magnetic resonance.
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Figure 2: Bacteria adaptations which occur at phases in the bacterial growth
cycle. A single cell enters exponential phase where bacteria are rapidly reproducing and communicating using autoinducers. In stationary phase, bacteria
have slowed down growth and begin forming biofilms, persistent cells form,
antibiotics and stress response factors are produced. Death phase is when
cell abundance is rapidly declining, cells may become dormant while other
cells die. *figure adapted from Jaishankar and Srivastava, 201710
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Table 1: Uses of LCMS instruments at the University of Rhode Island College
of Pharmacy (URI COP).
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Figure 3: An example of a molecular networking of a MSV000083295 containing bromoalterochromide A/A’ which was identified in the GNPS. All molecules
within this network share similar fragmentation patters. Each circle is a node
that represents a compound in the MS/MS spectra. The size of the node represents the abundance within the LCMS run (larger node is more abundant).
The line numbers are the cosine scores which indicate the similarity between
nodes (the highest cosine is 1.00). Only 868.249 and 882.263 (BAC A/A’ + 14)
were identified as bromoalterochromide A/A’.
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Figure 4: A comparison of bromoalterochromide A/A’ user MS/MS (top) with
the GNPS MS/MS (bottom). Here we can visualize the fragmentation patterns
of the identified molecules.
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Figure 5: Chemical structures of compounds discussed in this chapter.
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Figure 6: Quorum sensing model in a low and high cell densities. Autoinducers
are produced by LuxI and sensed by LuxR. At a high cell density, LuxR binds
to the lux promoter initiating gene expression.
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Figure 7: Chemical structure of autoinducers produced by Gram-negative bacteria. N-acyl homoserine lactone (1) and the substituted oxo- variation (2). Alkyl quinolone general structure (3) and the hydroxyl substitute variation (4).
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Abstract
Pseudoalteromonas is a ubiquitous genus of Gram-negative marine bacteria
that produces intra- and inter-species signaling molecules. In this study, production of the alkyl quinolone 2-heptyl-4-quinolone (HHQ) by the isolate Pseudoalteromonas galatheae A757 was studied for its effects on the bloom forming coccolithophore Emiliania huxleyi CCMP2090. HHQ displays acute toxicity
toward E. huxleyi at an IC50 of less than 90 ng mL-1 and has been shown to im-
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pede DNA replication in this globally important phytoplankton. Hence, production of HHQ could be a mediator of microbial interactions that ultimately influences bloom dynamics of E. huxleyi. An LC-MS/MS method using multiple reaction monitoring (MRM) was developed to accurately measure HHQ concentrations in seawater samples. In co-culture experiments, P. galatheae A757
was shown to be detrimental to the survival of coccolithophores that had
reached a stationary growth phase. However, HHQ production was variable
and did not achieve threshold concentrations associated with killing E. huxleyi,
indicating that HHQ alone is not responsible for the observed antagonistic effects. Stability studies showed that HHQ degradation is dependent on vessel
type, but overall is highly stable in seawater and in the presence of E. huxleyi.
The targeted LC-MS/MS method was further extended to detect the range of
secondary metabolites produced by P. galatheae A757, demonstrating that
this bacterium produces both alkyl quinolone and acyl homoserine lactones
and therefore possesses multiple quorum sensing networks. These findings
suggest that algicidal metabolites are not solely responsible for toxic interactions between P. galatheae A757 and E. huxleyi CCMP2090 and encourage
further investigations into the production and regulation of bacterial virulence
factors that target E. huxleyi.

Key words
Emiliania huxleyi, Coccolithophore, Pseudoalteromonas galatheae, alkyl quinolone, bacteria-phytoplankton interactions
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Introduction
Phytoplankton and bacteria are important drivers of biogeochemical cycling in the oceans (1) and are principal contributors to the marine food web
(2). Hence, microbial interactions are key factors in regulating and understanding these processes. Mutually beneficial interactions can include recycling of
nutrients (2) and production of defensive compounds against competitors and
pathogens (3). Antagonistic relationships are also possible, such as bacteria
predation on phytoplankton (4,5) and release of anti-algal (6) and cell cycle arrest compounds (Fig. 1) (7). Since many bacteria-phytoplankton interactions
are likely mediated by the release and response to secondary metabolites,
identification of these compounds can enhance our understanding of microbial
chemical communications and how they may influence population dynamics,
including phytoplankton blooms.
Pseudoalteromonas is a genus of ubiquitous marine bacteria found in
seawater, marine sediments and attached to suspended particles (8). Pseudoalteromonads produce an array of autoinducers for cell-to-cell signaling including alkyl quinolones, hydroxy quinolones, and N-acyl homoserine lactones
(9,10). For example, Pseudoalteromonas piscicida A757, recently reclassified
as Pseudoalteromonas galatheae A757 (11), produces the alkyl quinolone signaling molecule, 2-heptyl-4-quinolone (HHQ) (6). In 2016, Harvey et al. described HHQ as also being a selective anti-algal compound. HHQ demonstrates potent antagonistic effects against Emiliania huxleyi with an IC50 value
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of less than 90 ng mL-1 (6). This suggests that alkyl quinolone autoinducers
such as HHQ may serve multiple roles for microbial interactions, both as
quorum sensing signals to coordinate gene expression within a bacteria population and as toxins for killing potential prey or deterring competitors.
Phytoplankton blooms in the marine environment are major contributors
to biogeochemical fluxes such as calcium and sulfur cycling (12). Dimethylsulfoniopropionate (DMSP) is an osmolyte and antioxidant (13) that is produced by various phytoplankton and subsequently consumed by bacteria as a
source of carbon and sulfur. This coupling is an example of a bacteria-phytoplankton mutualistic relationship (Fig. 1, Fig. 2) (3,14). E. huxleyi is a DMSPproducing coccolithophore that forms massive blooms that can stretch to
250,000 km2 and can be observed by satellite images (15). Within blooms, E.
huxleyi cell concentrations average 5×106 cells/mL but cell density can reach
up to 1.2×108 cell/mL (16). Calcified strains of E. huxleyi produce a covering
of calcite platelets on a scale that contributes to the flux of calcium carbonate
(CaCO3) between the atmosphere and the oceans (17). Therefore, factors responsible for E. huxleyi bloom initiation and termination are important for predicating and modeling oceanic nutrient fluxes. One proposed mechanism for E.
huxleyi bloom termination is the production of viral glycosphingolipids which
enter the phytoplankton cells and cause apoptosis and autophagy (18,19). Recently, other mechanisms for termination of E. huxleyi blooms have been
speculated, including the involvement of antagonistic bacteria that may produce algicidal compounds (3,5,6).
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To date, three Gram-negative bacteria, Phaeobacter gallaeciensis (3),
Phaeobacter inhibens (5) and Pseudoalteromonas galatheae strain A757 (6),
have been reported to produce secondary metabolites that cause mortality or
senescence in E. huxleyi (Fig. 2). Seyedsayamdost et al. identified that Phaeobacter gallaeciensis produces compounds known as the roseobacticides that
kill E. huxleyi at an IC50 of ~2 µM (3). A second bacterium from the Roseobacter group, Phaeobacter inhibens, produces the anti-lytic compound indole-3acetic acid (5,20). Two secondary metabolites produced by Pseudoalteromonas galatheae A757 demonstrate growth effects against E. huxleyi
(6,11,21), including the aforementioned HHQ as well as a highly brominate
metabolite, tetrabromopyrrole, which exerts toxic growth effects against E.
huxleyi at 36 ng mL-1 (6,11,12). Transcriptomic and proteomic experiments
show that E. huxleyi cells subjected to sub-lethal concentrations of HHQ can
stall in the S-phase of the cellular cycle. Proliferation can be restored by transferring the affected cells to HHQ-free conditions (7). However, multiple questions remain in deciphering the roles that these molecules can serve in marine
ecosystems, including whether bacteria produce sufficient concentrations of
toxic metabolites under environmental conditions.
Here, we sought to investigate whether P. galatheae A757 in co-culture
with E. huxleyi CCMP2090 would produce concentrations of HHQ sufficient to
cause coccolithophore death. We also examined the stability of HHQ in seawater since continuous bacterial production was hypothesized to lead to in-
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creasing concentrations. Assessing the potential impacts of chemical interactions between marine microorganisms requires (1) development of an efficient
extraction method for the analytes of interest, (2) removal of interference molecules, including salts that could negatively impact MS analyses, and (3) a selective and reliable analytical method for accurately measuring the analyte of
interest.A solid-phase resin extraction protocol was paired with multiple reaction monitoring (MRM) mass spectrometry (MS) approach to accurately measure HHQ concentrations in seawater. A targeted MS method was further used
to scan for production of additional alkyl quinolone and acyl homoserine lactones produced by P. galatheae A757. Our results suggest that A757 production of HHQ alone is not sufficient for the observed killing of E. huxleyi and that
additional mechanisms likely contribute to the observed antagonistic interactions.

Materials and Methods
Cell Growth Conditions
P. galatheae A757 (reclassified from P. piscicida A757) cells were previously isolated from open ocean plastic in the North Atlantic as previously described (22). P. galatheae A757 was cultivated at 25 °C with 100 rpm shaking
in YP30 media (1 g/L yeast extract, 5 g/L peptone, 30 g/L Instant Ocean®) and
maintained at -80 °C in 25% glycerol.
Emiliania huxleyi (Lohm.) Hay et Mohler (CCMP2090) cells were purchased from Bigelow (East Boothbay, ME, USA). CCMP2090 was grown in
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f/2-Si (Bigelow, East Boothbay, ME, USA) at 18 °C with 12:12 light:dark cycle
and a light intensity of 85-100 µmol photon m-2 s-1. Axenic E. huxleyi was
achieved by treatment with an antibiotic cocktail (30 mM penicillin G, 5 mM
gentamicin, 8 mM chloramphenicol) three times then incubated at 18 °C with
12:12 light:dark cycle and a light intensity of 85-100 µmol photon m-2 s-1 for 7
days. Axenic phytoplankton cultures were verified by bacterial contamination
testing in YP30 media at 25 °C for 48 hours.

Cell Counting Methods for Bacteria and Phytoplankton
Bacterial cell abundance was quantified using a spot plating protocol
modified from Wang et al. (23) or using flow cytometry. For spot plating, 100
µL of culture was diluted into 900 µL of fresh YP30 media then diluted 10-fold
for a total of 6 dilutions. Dilutions were vortexed and 10 µL spots were pipetted
onto YP30 agar plates (1 g/L yeast extract, 5 g/L peptone, 30 g/L Instant
Ocean®, 10 g/L agar) in triplicate and allowed to dry. Plates were incubated
overnight at 25 °C and colony forming units (CFU) were counted. The average
was used to determine the concentration of bacteria. Alternatively, bacteria
were enumerated by flow cytometry. Bacteria containing cultures were diluted
1:1000 then incubated with SYBRTM green (ThermoFisher) prepared at 20X in
phosphate buffered saline. A sample of the bacterial suspension (198 µL) and
20X SYBRTM green (2 µL) were mixed and then incubated in the dark for 10
min prior to analysis on a Guava flow cytometer (MilliporeSigma, Burlington,
MA, USA) using the green fluorescence channel (525 nm).
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For all phytoplankton counts, a 200 µL aliquot of culture was analyzed
using a flow cytometer (Guava, MilliporeSigma, Burlington, MA, USA). Cell
abundance was calculated using a species-specific instrument setting determined by chlorophyll a (692 nm) and side scatter. Microscopy was performed
using undiluted cultures on an EVOS® FL Auto Cell Imaging System (ThermoFisher, Waltham, MA, USA).

Co-culture of P. galatheae A757 and E. huxleyi CCMP2090
P. galatheae A757 was grown in YP30 liquid medium at 25 °C and 100
rpm for 72 hours. Bacterial cells were pelleted by centrifugation at 5,000 rpm
for 10 min, the supernatants were decanted, and the bacteria was resuspended in 10 mL of artificial seawater (ASW); this wash procedure was repeated twice more to ensure that all bacterial growth media was removed.
Axenic E. huxleyi CCMP2090 was cultivated until cell abundance reached
1×106 cell mL-1. For co-cultures, 100 mL f/2-Si medium (Bigelow) prepared
with 0.2 µm filtered seawater or 250 mL f/2-Si medium prepared with ASW
was inoculated with 1×105 CFU mL-1 bacteria cells and 1×103 cells mL-1 E.
huxleyi cells.
E. huxleyi CCMP2090 cells were grown to exponential (1×103 cells mL1

) and stationary phase (1×106 cell mL-1). Cell free supernatant (CFS) was

prepared by using a 0.2 µM sterile filter system (CellTreat) and CCMP2090
CFS (1.00 mL) was diluted into 249 mL of ASW and A757 cells were inoculated as described above. Co-cultures were incubated at 18 °C and 12:12 h
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light: dark cycle with a light intensity of 85-100 µmol photon m-2 s-1. Bacteria
and phytoplankton were enumerated using flow cytometry every 24 hours until
the completion of the 672-hour long experiment. Co-culture experiments were
conducted in technical triplicate using the same starter culture(s) for inoculation of three total replicates.

HHQ Extraction from Co-culture Experiments
Cultures were sampled at T: 0, 48, 96, 144, 192, 264, 432, 600 and 672
hours for HHQ analysis. Cultures were mixed by gently shaking five times prior
to a 10.5 mL sample being removed. Bacterial cells were pelleted by centrifugation at 5,000 rpm for 10 min the resulting supernatants (1.0 mL or 10.0 mL)
were added to a Strata-X 33 μm Polymeric Reversed Phase 30 mg/ 3 mL
(Phenomenex) column cartridge. Each cartridge had been pre-conditioned
with methanol (MeOH) (5.0 mL) then H2O (5.0 mL). The loaded cartridges
were eluted with HPLC grade H2O (2.0 mL), followed by 10% aqueous MeOH
(2.0 mL), and finally 2.0 mL of MeOH supplemented with 0.1% formic acid
(FA). The final MeOH fraction was collected and concentrated to dryness using a Savant SpeedVac SPD1030 (Thermo Fisher Scientific) at 35 °C for 2 h.
All samples were stored at -20 °C until analysis.

LC-MS/MS Detection of HHQ
Quantification of HHQ was accomplished using a multiple reaction monitoring (MRM) method on an ABSciex Q-Trap 4500 mass spectrometer (Sciex,
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Framingham, MA, USA) coupled to a LC-20AD Shimadzu Prominence UFLC
system (Shimadzu Corporation, Kyoto, Japan). Purchased HHQ (Ark Pharm,
Arlington Heights, IL) was used to optimize LC-MS/MS parameters and generate a standard curve for determining the concentrations in experimental samples. To optimize the LC-MS/MS method, HHQ was dissolved in MeOH at 800
nM and analyzed in the positive ion mode with concurrent monitoring of two
transitions (Fig. S1). The two highest intensity fragment ions transitions (244159 and 244-172) were chosen for MS/MS analysis. The standard curve was
generated by measuring and plotting the product ion intensity versus concentrations (10-800 nM) (Fig. S2). The HHQ limit of detection was 10 nM where
the accuracy exceeded a 10% difference between expected and calculated
concentrations. The standard curve was run in triplicate prior to all experiments and a 200 nM standard was analyzed after every 5 experimental samples to ensure instrument accuracy. Quantification of HHQ throughout experiments was completed using MultiQuantä software (Sciex). Ion intensities of
HHQ product ions in experimental samples were converted to concentrations
using the standard curve. Liquid chromatography was conducted on a C8
Kinetex 2.6 µm 150 × 2.1 mm column (Phenomenex) using H2O + 0.1% FA
(A) and MeOH + 0.1% FA (B) and a flow rate of 0.100 mL/min. The column
was equilibrated with 50% B for 3 min, ramped to 100% B over 4 min using a
linear gradient, held at 100% B for 4, min then reduced and held at 50% B for
3 min. Mass spectra were collected from 2 – 10 min with source parameters
as follows: curtain gas: 25, CAD gas: medium, ionspray voltage: 5500, TEM:
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350 °C, ion source gas 1: 30, ion source gas 2: 25. The fragmentation parameters were as follows: declustering potential: 96, entrance potential: 10, collision energy: 21, collision cell exit potential: 10.

Co-culture Experiments of P. galatheae A757 with E. huxleyi CCMP2090
Inoculated at Various Cell Densities
Starter cultures for P. galatheae A757 were grown in YP30 at 25 °C
and 100 rpm for 72 h, then centrifuged at 5,000 rpm for 10 min and washed
three times with 10 mL of artificial seawater (ASW) as described above.
Starter cultures of E. huxleyi CCMP2090 were grown in f/2-Si medium with a
12:12 light:dark cycle at 18 °C for 10 days. Co-culture experiments were completed in technical triplicate with a total volume of 100 mL in 200 mL sterile culture flasks and incubated at 18 °C and a 12:12 h light:dark cycle with a light intensity of 85-100 µmol photon m-2 s-1. For co-cultures, A757 was inoculated at
three different concentrations, 1×105 cells/mL (designated as P5), 1×106
cells/mL (P6), or 1×107 cells/mL (P7). CCMP2090 was inoculated at either
1×104 cells/mL (low cell density; EL) or 1×106 cells/mL (high cell density; EH).
Cultures were incubated at 12:12 light: dark cycle at 18 °C with a light intensity
of 85-100 µmol photon m-2 s-1.

Stability of HHQ in Seawater and in the Presence of E. huxleyi CCMP2090
HHQ dissolved in DMSO (2.4 mg/mL) was added to sterile filtered f/2-Si
medium (250 mL) in either sterilized 500 mL Erlenmeyer glass flasks covered
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with aluminum foil or sterile polystyrene bottles (CellTreat) to achieve a final
concentration of 1 µM. Flasks were stored at 18 °C with a 12:12 light:dark cycle. At intervals of 72 h, 10 mL aliquots were processed by solid-phase extraction and HHQ was measured by LC-MS/MS as described above.
HHQ stability was further assessed in the presence of E. huxleyi
CCMP2090. Axenic CCMP2090 was incubated in 250 mL of f/2-Si medium in
a sterile polystyrene bottle at 18 °C at a 12:12 light:dark cycle for 10 days.
HHQ was then added at the sublethal dose of 65 nM and the incubation conditions were continued for 26 days. Aliquots (10 mL) were collected at time 0,
24, 72 h followed by every 72 h for a total of 6 collections. HHQ was measured
as previously described. All experiments were completed in triplicate. Three
times throughout the experiment (time 0, 432 and 624 h), 500 µL of the culture
was mixed with 25% glutaraldehyde (Sigma) and stored at -80 °C for analysis
of CCMP2090 cell concentration. Phytoplankton cells were enumerated by
flow cytometry using the previously described methods.

LC-MS/MS Detection of Signaling Molecules Produced by P. galatheae
A757
P. galatheae A757 was grown in 10 mL YP30 at 25 °C and 100 rpm for
72 h. Bacteria cells were pelleted by centrifugation at 2,500 rpm for 10 min
and the resulting supernatant (8.0 mL) was loaded onto StrataX 33 μm Polymeric Reversed Phase 30 mg/ 3 mL (Phenomenex) column cartridges preconditioned with MeOH (6.0 mL) followed by H2O (6.0 mL). Columns were
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washed with 10% aqueous MeOH (6.0 mL) and metabolites were subsequently eluted using 2×0.5 mL MeOH + 0.1% FA, allowing columns to dry after each addition. Samples were dried using a ThermoFisher Savant SPD1030
SpeedVac at 35 °C for 2 h and then reconstituted in 0.5 mg/mL in 50:50
H2O:MeOH for LC-MS/MS analysis.
Signaling molecules were detected using multiple reaction monitoring
on an AB Sciex 4500 mass spectrometer coupled to a LC-20AD Shimadzu
UFLC. Chromatography was completed using a C8 Kinetex column (2.5 μm,
150 x 2.1 mm, 100 Å) with a mobile phase of H2O + 0.1% FA (A) and MeOH +
0.1% FA (B) and a flow rate of 0.200 mL/min. Data analysis was completed
using Analyst (AB Sciex). Two methods were developed for analyzing signaling molecules. For the 12 alkyl quinolone compounds (e.g., HHQ) (Fig. S3)
and 13 AHL/oxo-AHL variations (Fig. S4), the following liquid chromatography
method was used: 50% B for 3 min, a linear gradient to 100% B over 4 min,
holding at 100% B for 4 min, and then equilibrating to 50% B over 3 min. Mass
spectrometry was conducted in the positive ion mode with a source temperature: 350.0 °C, a medium CID, declustering potential: 96.0, and a collision energy: 44.0. Mass detection data was collected from 3-9 min. For the five alkyl
hydroxy quinolones (e.g., PQS) (Fig. S5), the liquid chromatography method
was as follows: a linear gradient of 30-100% B over 7 min, holding at 100% B
for 5 min, then equilibrating to 30% B for 3 min. Electrospray ionization mass
spectrometry was conducted in positive ion mode with a source temperature:
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350.0 °C, and a medium CID, a declustering potential: 75.0, and a collision energy: 38.0. Mass detection data was collected from 2-10 min.
Statistical Analysis
Co-culture experiments were compared using an unpaired T-test with Welch’s
correction.
Results
Method Development and Chemical Analysis
Seawater Measurements of HHQ Concentrations Using Multiple Reaction
Monitoring Mass Spectrometry
Throughout these experiments, nanomolar concentrations of HHQ were
routinely measured in seawater using a two-part method involving solid-phase
extraction of analytes followed by analysis using multiple reaction monitoring
(MRM) mass spectrometry. The developed method establishes the identity of
HHQ based on a consistent retention time by UHPLC, selection of the appropriate [M+H]+ molecular ion, and fragmentation and measurement of an expected product ion. The method was established and optimized using commercially acquired HHQ and a standard curve ranging from 10-800 nM was
generated prior to analyses of experimental samples. MultiQuant software
(Sciex) was used to calculate HHQ concentrations using area under the curve
for the expected product ions in comparison to the standard curve. All experimental samples where HHQ was present contained a concentration within the
linear range of the standard curve. Samples either displayed a measurable
amount of HHQ (10-800 nM) or values below the limit of detection.
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LC-MS/MS Detection of Signaling Molecules Produced by P. galatheae
A757
Previous studies have observed that compounds produced within the
HHQ biosynthetic pathway possess inhibitory effects to various phytoplankton
species (30). A second class of autoinducers, N-acyl homoserine lactones
(AHLs), coordinate the behaviors of Gram-negative bacteria, have been measured in biofilms (31), and are implicated in interspecies interactions, such as
nutrient acquisition by Trichodesmium consortia (32). Targeted LC-MS/MS experiments were conducted to evaluate the ability of A757 to produce a range
of quinolone and AHL autoinducers. Hydroxyquinolone, alkyl quinolone and Nacyl homoserine lactone (AHLs) have unique fragmentation patterns (Fig. 6)
that can be used to detect specific variations. Using a Sciex QTrap 4500, we
set up [M+H]+ detection in quadrupole 1 and, following fragmentations by collision induced dissociation, the expected product ions for corresponding compound classes were monitored. By developing two different LC-MS/MS methods, we screened for a diverse range of alkyl quinolones (Fig. S5), AHLs (Fig.
S6) and hydroxyquinolones (Fig. S7). Unlike HHQ, quantification of these
compounds was not definitively possible due to lack of commercially available
standards; however, since the expected product ions are consistent within an
autoinducer class and the CID parameters can be expected to similarly fragment the parent ions, comparisons in ion intensities should provide reasonable
approximations for relative concentrations.
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Cultivations of P. galatheae A757 in YP30 medium led to the detection
of five alkyl quinolones (Table 1), and seven AHLs (Table 2), and trace quantities of two hydroxyquinolones. The relative quantities of molecules were calculated by comparison to the highest peak in each set of signaling molecules
(Tables 1 and 2). The LC-MS/MS parameters were optimized using the HHQ
standard which enabled alkyl quinolones, and specifically HHQ, to be detected
in high abundance (Fig. 7) while other quinolones were detected in lower
abundance relative to HHQ (Fig. 8). There is the possibility for greater production under other cultivation conditions, or the promiscuity of the synthase for
selecting alkyl chain building blocks during biosynthesis.
Two AHL signaling molecules (m/z 256 and 284) were detected in the
greatest relative abundance using the AHL/quinolone method (Table 2, Fig. 9,
Fig. 10), highlighting a potential role for these autoinducers in A757 quorum
sensing. Oxo-AHLs and AHLs have very similar masses; therefore, to help distinguish between oxo-AHLs and AHLs in LC-MS/MS analysis, we evaluated
the compound retention time during the LC separations. In general, longer alkyl chains are associated with increased lipophilicity, and longer retention
times during reversed-phase HPLC chromatography.
In Figure 11, we screened for AHLs containing an even number of carbon side-chains, which is common because they are derived from fatty acidderived building blocks (33). Future efforts could be taken to better develop
MRM fragmentation methods to distinguish between saturated and oxo-varia-
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tions in the AHL alkyl chain using commercial or synthetic standards. Alternatively, a higher-resolution mass spectrometer could be employed to distinguish
between small isotopic differences in the molecular formulas for these similar
but distinct compounds.
Overall, P. galatheae A757 can synthesize an array of autoinducers in
these known compound classes, suggesting the likelihood that it possesses
multiple quorum sensing networks to coordinate population gene expression
and phenotypes.

Limitations
Liquid chromatography mass spectrometry is a powerful tool for identification of quorum sensing compounds. Throughout this study, we utilized a targeted LC-MS/MS method allowing us to identify specific compounds. One limitation to our study is that the MRM method might have missed unexpected QS
signals. Future efforts employing an untargeted metabolomics approach could
evaluate the production of all QS compounds produced in the AHL and AQ
class.

Biological Development
HHQ Production P. galatheae A757 in the Presence of E. huxleyi
CCMP2090
HHQ was previously reported for its anti-algal properties against E. huxleyi CCMP2090 cells (6). In this experiment, we sought to determine if HHQ
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production by P. galatheae A757 would achieve toxic thresholds when grown
in the presence of E. huxleyi CCMP2090. We measured the abundance of
A757 and CCMP2090 cells while using LC-MS/MS to quantify HHQ concentrations throughout long-term co-culture experiments. CCMP2090 cell free supernatants (CFS) from stationary and exponential phase CCMP2090 were combined with the bacteria cells to explore if the initial CCMP2090 cell exudates
influence A757 growth.
A757 was observed to enter an exponential phase, followed by a stationary phase, and then a second growth phase beginning at hour 400 when
grown in the presence of CCMP2090 cells (Fig. 3B, 4C). Gram-negative bacteria commonly undergo one stage of exponential phase growth (24) followed
by a stationary phase. Interestingly, the second phase of A757 growth corresponds to a decline in CCMP2090 abundance (Fig. 3A, 4A), suggesting that
the bacterial growth is supported by the presence of the phytoplankton.
Using LC-MS/MS, HHQ was measured to evaluate its potential influence on the CCMP2090 cell death. Two prominent spikes in HHQ concentrations were detected, both coinciding with late exponential to early stationary
phase of bacterial growth (Fig. 3B). Between 0-200 hours, HHQ concentrations achieved a maximum concentration of 100 nM, while a larger 200 nM
concentration of HHQ is observed at hour 600. This maximum HHQ concentration is roughly half of the established IC50 concentration of 410 nM versus
E. huxleyi CCMP2090 (6).
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In attempts to reduce the large HHQ standard deviation observed in the
first co-culture experiment, (Fig. 3) we increase the culture volume and used
artificial seawater in attempts to reduce the concentration differences. We
against observed CCMP2090, phytoplankton cells began declining around
hour 400 (Fig 4B), which corresponds to a second exponential phase in A757
(Fig 4A). HHQ concentrations averaged of 100 nM, well below the established
IC50 value (Fig 4C). To determine if A757 growth was influenced by
CCMP2090 cells or the corresponding exudates, we cultivated A757 with E.
huxleyi cell free supernatant. Interestingly, bacteria cultured with the algal cell
free supernatant showed no significant difference in growth compared to the
A757 control (Fig. S6). This observation suggests that A757 benefits from E.
huxleyi cells and not from E. huxleyi cell exudates alone. Throughout these experiments, HHQ levels never reached an E. huxleyi lethal concentration of 410
nM. This suggests that mortality of CCMP2090 is not due solely to HHQ but involves other contributing factors to affect this multi-trophic relationship.

Co-culture Experiments of P. galatheae A757 with E. huxleyi CCMP2090
at Different Starting Cell Densities
The goal of this experiment was to determine if cell ratios of CCMP2090
or A757 influenced production of HHQ over a 28-day period. We evaluated
three concentrations of A757 (104, 105, 106) cultured with two concentrations
of CCMP2090 (104 and 106). After day 4, A757 became non-viable for cell
counting on YP30 agar plates. This experiment was repeated three times with
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modifications including sonication to break bacteria free from substrates such
as transparent exopolymers (24) and scaling up cultures to determine if experimental parameters would enable A757 to grow on YP30 agar. To no avail,
A757 from the co-cultures continued to lose the ability to grow on YP30 agar
despite ensuring the presence of P. galatheae and E. huxleyi using microscopy.
We hypothesize that A757 cells are non-viable when cultivated in f/2-Si
medium using instant ocean as a salt source. Microscopic examination of
CCMP2090 containing cultures (Fig. S7B, S7C) showed production of presumably transparent exopolymer particles (TEP), microgels produced by
various plankton including E. huxleyi (25). Bacteria are notoriously found
within and attached to TEP microgels making TEP a favorable environment for
micobial activity (25–27). Marine bacteria use TEP as a carbon source in nutrient limited environments (27,28) which suggests that A757 cells are active
within TEP or viable, but non-culturable (VBNC) when grown in the nutrient
limited f/2-Si media preventing cell enumeration via spot platting. VBNC cells
are metabolically active, mRNA producing cells that have lost the ability to
grow on media (29). Due to these limitations and a lack of access to a flow cytometer at that time, these experiments were abandoned.

HHQ Stability in Seawater and in the Presence of E. huxleyi
Organic compounds have variable half-lives in marine ecosystems depending on their susceptibility to factors such as light, temperature, oxygen,
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and metabolism. To better understand the stability of HHQ in seawater, the
compound was monitored under both abiotic conditions and in the presence of
E. huxleyi. The abiotic environmental conditions mirrored those of the microbial incubations with respect to temperature and light. These experiments
were designed to provide clues as to whether HHQ concentrations would remain stable in conditions such as an E. huxleyi bloom or would rapidly dissipate due to degradation factors.
Using 28 day long exposures, we evaluated the stability of HHQ at environmental conditions in both glass and polystyrene vessels (Fig. S8). HHQ
was added in a total concentration of 1.00 µM and monitored by our MRM LCMS/MS procedure. HHQ was found to degrade slightly in glass vessels, but no
loss was observed in plastic vessels. This experiment was repeated using polystyrene flasks with more frequent HHQ measurements and was highly reproducible (Fig. 5A).
Using polystyrene vessels, a culture of CCMP2090 was subjected to HHQ at a
sublethal concentration of 65 nM, well below the toxicity threshold but within
the measurable range for our analytical technique. After 28-days there was no
loss of HHQ (Fig. 5B) and CCMP2090 cell proliferation was not inhibited by
HHQ (Fig. 5C). This suggests that E. huxleyi does not influence the concentration of HHQ.

Discussion
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This study examined an interkingdom chemical interaction between the
marine bacterium Pseudoalteromonas galatheae and the bloom-forming coccolithophore Emiliania huxleyi. Specifically, we examined the production of the
bacterial compound HHQ under co-culture conditions to interrogate its potential role in causing phytoplankton mortality. As an alkyl quinolone, HHQ can
serve as an autoinducer for accomplishing quorum sensing in various Gramnegative bacteria (6,34). However, HHQ has also been linked with interspecies and multi-trophic level interactions with other organisms. Antibacterial effects have been observed against both Gram-negative and Gram-positive bacteria, including Vibrio fischeri, Vibrio vulnificus, and Algoriphagus sp. (34). Inhibition of biofilm production has been observed against Bacillus subtilis and Bacillus atrophaeus, as well as against the eukaryotes Candida albicans and Aspergillus fumigatus (34). In mammalian cells, HHQ has been observed to
downregulate host immune response through inhibition of NF-𝜅B (35). The
anti-algal effects of HHQ are species specific, with E. huxleyi growth being potently inhibited at nanomolar concentrations (6).
The identification of HHQ as an anti-algal metabolite has prompted investigations to deduce the mechanism of action of HHQ in E. huxleyi cells.
Proteomic and transcriptomic experiments revealed that reproduction in coccolithophore cells is halted in S-phase of the cell cycle and is reversible when
the cells are moved to HHQ-free media (7). Interestingly, HHQ exposure was
also found to reduce susceptibility to the E. huxleyi Virus (EhV), an established
factor in bloom termination. HHQ induced morphological changes, including
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enlarged chloroplasts and enhanced lipid storage, may prevent viral recognition and attachment (7). Decreased intracellular processes, such as lowered
ROS production, might also account for reduced viral infection. Hence, HHQ is
potentially a layer of protection against viral succession in E. huxleyi (17).
While previously reported experiments were performed by adding exogenous HHQ to various cell types, the experiments described here relied on in
situ production by P. galatheae A757 while in co-culture with E. huxleyi
CCMP2090. Co-culture experiments with P. galatheae and E. huxleyi explore
factors beyond HHQ exposure alone, expanding our understanding of this interkingdom interaction. E. huxleyi cell populations decline in the presence of P.
galatheae while bacteria appear to be benefiting, as observed by the second
bacterial exponential and stationary growth phases (Fig. 3, 4). In the presence
of A757, E. huxleyi growth was observed to proceed normally through the exponential phase, but the phytoplankton cells declined rapidly after achieving
the stationary phase. Transcriptome analysis has previously shown gene expression differences between E. huxleyi cells in stationary and exponential
phase, as well as between different strains of E. huxleyi. For example, it was
found that CCMP2090 displayed 2369 distinct genes compared to two other
strains of E. huxleyi (36).
Coccolithophore cell morphology and growth stage plays a role in overall bloom health and susceptibility to biotic factors. Calcified strains of E. huxleyi are covered in a layer of calcium carbonate sheets called coccoliths but
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may exist alongside ‘naked’ cells which lack coccoliths. There is no physiological difference between coccolith and naked E. huxleyi suggesting that E. huxleyi are equally susceptible to biotic factors despite morphological differences
(38). Previous studies by Harvey et al. evaluated HHQ toxicity to different E.
huxleyi cell types, including lith-forming E. huxleyi 624, naked E. huxleyi 374
and haploid E. huxleyi 379. HHQ affected all cell types similarly (6), likely because liths do not impede exposures to dissolved HHQ. Calculated IC50 values
of HHQ and E. huxleyi were established using strains purchased from Bigelow. Although the strains used in this study were classified as identical, phenotypic and genetic differences between the strains are possible.
In all experiments, bacterial HHQ concentration stayed well below the
threshold required for E. huxleyi mortality suggesting that other factors may
contribute to E. huxleyi succession. It is possible that higher local concentrations of HHQ or cell-to-cell delivery mechanisms could have contributed to adverse effects on phytoplankton cell health. Many Gram-negative bacteria produce outer membrane vesicles (OMVs) that can be used to transport enzymes
(39), small molecules (40), and antibiotic resistance enzymes (41) to neighboring organisms. OMVs produced by Pseudoalteromonas spp. are as large as
125 nm in diameter and may contain a cocktail of cargo molecules (39). Pseudoalteromonas piscicida has been shown to deliver proteases and peptidases
in OMVs to Vibrio parahaemolyticus causing enzymatic degradations leading
to cell death (39). Zhao et al. has shown that PQS can be packaged and trans-
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ported in OMVs by P. aeruginosa (40). Transfer of OMVs to prey cells represents an effective transport mechanism, akin to nanoparticles used in drug delivery systems. Packaging hydrophobic molecules such as HHQ in OMVs
could provide a more effective means for transporting them through aqueous
environments. Further, OMVs could protect AQs against degradation by other
microorganisms in the surrounding environment (42).
A limitation of the current study is that our laboratory culture conditions
did not incorporate more diverse assemblages of microorganisms. In the marine environment, P. galatheae and E. huxleyi would exist within an expanded
polycellular interactome, comprising eukaryotic phytoplankton and zooplankton, as well as other diverse prokaryotes. Bacteria associated with E. huxleyi
blooms include those belonging to the Rhodobacterales, Flavobacteriaceae
and Pseudoalteromonadaceae (43). Within such assemblages, P. galatheae
would face competition for nutrients and be challenged by the presence of antagonistic compounds produced by other organisms. The concentrations of
AHLs and AQs could be influenced by quorum quenching enzymes such as
lactonases to hydrolyze AHLs and oxidoreductases to quench quinolones
(44,45), thereby influencing QS-controlled phenotypes.
In addition to direct toxic effects on E. huxleyi, HHQ might also function
as an autoinducer that regulates the production of virulence factors that reduce the fitness of coccolithophore cells. Our targeted MS investigation of P.
galatheae A757 autoinducers suggests the presence of multiple quorum sensing systems to control gene expression. A757 was found to produce five alkyl
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quinolones and seven acyl homoserine lactones (AHLs). HHQ and AHLs with
decanoyl and octyldecanoyl chains were produced in far higher concentrations
than other signaling molecules, suggesting a more prominent role in QS and
expression of genes regulated by QS. Gram-negative bacteria use QS to coordinate a multitude of community behaviors, including biofilm formation, colonization, motility, and population defenses (46). Pathogenic bacteria are well
known to use QS to regulate the production of virulence factors such as tissue
degrading enzymes, toxins, and siderophores (47). For example, Pseudomonas aeruginosa uses both AQ and AHL mediated-QS systems to control up to
12% of its genome (48), and utilizes HHQ to regulate as many as 140 genes
involved in virulence (45). It is plausible that HHQ could also control the production of virulence factors by P. galatheae A757 that negatively influence the
health of E. huxleyi cells, and this may occur at HHQ concentrations below the
toxicity threshold for phytoplankton. Pseudoalteromonas species are known to
produce metalloproteases (49,50), hydrolases that degrade the cell wall polysaccharides in macroalgae, and hemolysins (51). Therefore, it is possible that
A757 might employ similar enzymes in an attack on E. huxleyi cells.
Signaling molecule production is dependent on a variety of factors including biosynthetic gene clusters and environmental factors such as light. In
P. aeruginosa, 55 known alkyl quinolones are produced by the PqsABCDE
gene cluster (52); this gene cluster has been identified in the P. galatheae genome (6). While the P. galatheae genome lacks the FAD-dependent mono-oxygenase PqsH (6,48), the gene that oxidases HHQ into PQS (53), there are
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possible explanations as to why two hydroxyquinoline compounds were detected in trace quantities in our A757 culture. Firstly, FAD-dependent monooxygenases are present in Gram-negative bacteria, and enzymes homologous
to FAD-dependent mono-oxygenases have been identified in a variety of marine bacteria such as Roseobacter spp. (54), suggesting that P. galatheae may
express a gene with sequence homology to PqsH. Second, P. galatheae cultures are grown in aerobic conditions allowing for possible natural oxidation to
occur. Biotic factors involved in production of secondary metabolite production
are further complicated when put into context of environmental relevance. For
example, Ernest et al. showed that there was an increase in catalytic activity of
PqsL in the presence of blue light illumination which increased production of 2heptyl-4-hydroxyquinoline-N-oxide (HQNO) in P. aeruginosa (55). These findings suggest that environmental stimuli lead to upregulation of genes and, in
turn, production of unique metabolites that might not be replicated in laboratory experiments.
We cannot rule out that additional secondary metabolites produced by
P. galatheae could have contributed to the anti-algal effects observed in coculture experiments. This study focused on HHQ production by A757 since
this was previously identified as the primary antagonist of E. huxleyi growth
(6). However, Pseudoalteromonas species are known to produce a range of
secondary metabolites that could mediate interactions with other microorganisms. P. galatheae A757 was previously shown to produce the bacterial efflux
inhibitor dibromomaleimide, the antifungal polyketide alteroamide B, and the
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anti-algal metabolite tetrabromopyrrole (22). We have also now found that
A757 can produce AQs with varying alkyl chain lengths, and the toxicity of
these HHQ-related metabolites is currently unknown. We employed an MRM
mass spectrometry method to measure HHQ concentrations due to its high
sensitivity and specificity. Future investigations could more broadly measure
secondary metabolite production using a less targeted MS approach.
We encountered difficulty counting P. galatheae cells using spot plating
during co-culturing experiments. After four days in f/2-si medium, the A757
lost the ability to grow on YP30 marine agar plates. Microscopic examination
showed that bacteria were still present and appeared as clusters of cells or appeared to be attached to transparent exopolymer particles (Fig. S7), presumably produced by E. huxleyi cells. One possibility for loss of growth on YP30 is
that the P. galatheae entered a starvation state that resulted in viable, but nonculturable (VBNC) cells. VBNC is a well-studied phenomenon in other gammaproteobacteria, such as Vibrio species (56,57). VBNC cells are metabolically
active and produce mRNA, but have lost the ability to grow on media (29). The
f/2-si medium used in these experiments was formulated with artificial seawater and contains no added carbon sources to support bacteria growth. We
also measured bacteria counts using flow cytometry, which would not differentiate between VBNC cells and those that would still grow when applied to marine agar plates. In some experiments, using flow cytometry analysis, we observed a second growth phase for P. galatheae once E. huxleyi achieved a
stationary growth phase. It’s possible that phytoplankton exudates produced
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during this phase could resuscitate the bacteria cells and cause a subsequent
bacteria attack. A second explanation for the second growth phase of P. galatheae is that E. huxleyi cells are releasing nutrients promoting P. galatheae
growth.
HHQ was found to be quite stable in seawater. While the Pseudomonas
quinolone signal (PQS) is known to degrade when exposed to UV-A light (58),
the stability of alkyl quinolones such as HHQ was not previously described.
Our studies aimed to determine the extent to which HHQ degradation might
occur in co-culture experiments, since degradation would be a contributing
factor for keeping concentrations below a toxic threshold. HHQ was evaluated
in f/2-si medium at 18 °C with a 12:12 light: dark cycle. Light is often a main
contributor to compound degradation, which would reduce the bioavailability of
HHQ in cultures. Over a 28 day period, incubation in glass vessels showed
slight declines in HHQ concentrations, while experiments conducted in polystyrene bottles showed negligible loss. When incubated in the presence of E.
huxleyi, HHQ concentrations remained stable, suggesting that E. huxleyi does
not metabolize this compound. These experiments suggest that extracellular
HHQ concentrations are dependent on A757 processes. In the natural environment, alkyl quinolone abundance would likely be influenced by other biotic
factors, including the production of oxidoreductases by surrounding bacteria
(59).
Community composition of prokaryotes is altered when exposed to
HHQ. Using mesocosms, Whalen et al showed that HHQ at 410 nM altered
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bacteria community composition and caused declines in phytoplankton growth
rates in a species-specific manner. Concentrations as low as 10 nM were
found to modify gene transcription, suggesting that even low HHQ concentrations could contribute to adverse effects on E. huxleyi. Gram-negative bacteria
utilize autoinducers to coordinate group behaviors and HHQ is produced in
other marine bacteria such as Pseudomonas bromoutalis (60).
To our knowledge, this is the first experiment that explores the interactions of P. galatheae A757 cells when cultured with E. huxleyi CCMP2090
cells. While previous studies have implicated HHQ as an anti-algal compound
that could mediate toxic interactions with E. huxleyi (6), our co-culture experiments suggest that this cross-kingdom interaction is likely more complex. Additional questions are now raised, such as the possible role of HHQ as an autoinducer to coordinate an attack on a phytoplankton population, the possibility
that OMVs could be involved in the delivery of toxic molecules by this Pseudoalteromonas strain, and why E. huxleyi cells in the stationary phase are more
vulnerable to the presence of this bacterium.
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Figure 1: Phytoplankton-bacterial interactions are both mutualistic, providing
beneficial effects to both organisms, and parasitic, leading to the demise of the
phytoplankton. The exchange of compounds contributes to the outcomes of
these interactions. E. huxleyi produces DMSP, a substrate for bacterial metabolism, and provides a scaffold for biofilm formation. When in cellular distress,
E. huxleyi releases p-coumaric acid which induces Phaeobacter gallaeciensis
to produce the anti-algal roseobacticides (3). Phaeobacter gallaeciensis produces the E. huxleyi growth inducer, phenylacetic acid, and the antibiotic
tropodithietic acid (3). Phaeobacter inhibens produces the plant hormone, 3indole acetic acid which is toxic to E. huxleyi in high concentrations (5,20).
Lastly, Pseudoalteromonas galatheae A757 produces the anti-algal compounds HHQ (6) and tetrabromopyrrole (21).
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Figure 2: A model of an active E. huxleyi bloom and bloom termination. E. huxleyi blooms are major contributors to the carbon and sulfur cycles. During a E.
huxleyi bloom, there is an exchange of oxygen and carbon dioxide. Bacteria
are attracted to dimethylsulfidoproprionate (DMSP) released by E. huxleyi.
Bacteria metabolize DMSP and release the volatile compound, dimethyl sulfide (DMS), which aids in cloud formation, ultimately protecting the earth from
harmful rays of sunlight and increased ocean temperatures. Bloom termination
may be caused by viral outbreaks and anti-algal compounds produced by bacteria. Bloom termination results in an increased transport of particulate organic
matter (POM) and a calcium carbonate (sinking liths) to the ocean floor.
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Figure 3: E. huxleyi CCMP2090 cell population exposed to P. galatheae A757
declines starting at hour 400 (A) while the E. huxleyi CCMP2090 control enters a stationary phase around hour 400. P. galatheae A757 exposed to E.
huxleyi enter a second log phase of growth (B) starting at hour 400 which coincides with a spike of HHQ present. As seen in the control, P. galatheae control is typical bacterial growth curve entering a death phase around hour 200.
Spikes in HHQ maxima are detected in the log phase and stationary phase of
P. galatheae growth.
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Figure 4: Co-culture experiment of A757 and CCMP2090 in 250 mL culture
vessels in ASW. (A) A757 cells counts enter a second exponential and stationary phase starting at hour 400 (P-value = <0.0001). (B) This time corresponds
to a decline in CCMP2090 cells beginning at hour 400 (P-value = 0.2810; not
significant). (C) HHQ concentrations never reach a toxic threshold and HHQ is
produced at higher concentrations in the A757 control, 31 femtomole/cell at
the maxima concentration at hour 168 in A757 control.
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Figure 5: Stability of HHQ in sterile seawater and in the presence of E. huxleyi.
(A) Stability of HHQ in F/2-Si medium with incubation at 18 °C and a 12:12
light:dark cycle. (B) HHQ concentrations in the presence of E. huxleyi cells in
F/2-Si medium, (C) E. huxleyi cell counts when exposed to HHQ at 65 nM
showing no lethal effect at this concentration.
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Figure 6: LCMS/MS product ions of signaling molecules detected in Pseudoalteromonas galatheae A757. (A) The generic structure of quinolone signaling molecules. Each [M+H]+ molecular ion has a predicted fragment ion of
159.07 m/z. (B) Hydroxyquinoline compounds are detected using a [M+H]+
molecular ion and a product ion of 175.06 m/z. (C) Acyl-homoserine lactone
(AHL) generic structure can vary by the alkyl chain length and by the oxo-variations. These molecules are detected using the expected [M+H]+ molecular
ion and a fragment ion of 102.05 m/z.
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Figure 7: Targeted acquisition of quinolone signaling molecules from a crude
sample of Pseudoalteromonas galatheae A757. One detected metabolite,
HHQ was detected in high abundance with a retention time of 6.25 minutes.
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Figure 8: Detection of quinolone signaling molecules from a crude sample of
Pseudoalteromonas galatheae A757. LC-MS/MS methods are identical to that
used in Figure 4 but the detection of HHQ was eliminated in the mass detection list. This enhanced our ability to detect other HHQ variations present in a
lower abundance. Variations containing between 4 and 14 carbon atoms were
detected.
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Figure 9: Detection of acyl-homoserine lactone molecules (AHLs) from a crude
sample of Pseudoalteromonas galatheae A757. Five AHL variations were detected with chain lengths between 5 and 13 carbon atoms.
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Figure 10: Expansion of the LCMS/MS chromatogram from Figure 6 showing
detection of small quantities of two 3-oxo-AHLs (6 and 7).
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Table 1: Quinolones detected in culture supernatants of Pseudoalteromonas
galatheae A757. 2-heptyl-4-quinolone (HHQ), highlighted in bold, was the
most abundant quinolone. Intensity was calculated based on ion counts in
comparison to HHQ (100%).
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Table 2: N-acylhomoserine lactone variations detected in culture supernatants
of Pseudoalteromonas galatheae A757. The addition of a second ketone on
C3 results in the oxo-AHL variation. Percent intensities were calculated based
on comparison of the expected product ion to the most abundant molecule
(m/z 284.0).
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MANUSCRIPT 2: This manuscript was published in 2021 in Microbial Resource Announcements. The formatting follows guidelines set forth by the journal.
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Abstract
We report the draft genome sequence for Pseudoalteromonas sp. strain JC3,
an isolate obtained from an aquaculture facility for whiteleg shrimp (Litopenaeus vannamei). The JC3 genome suggests multiple mechanisms for
microbial interactions, including a type VI secretion system and potential for
antibiotic production.
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Announcement
Pseudoalteromonas is a genus of marine gammaproteobacteria with substantial capability for antibiotic production (1,2). Recently, Pseudoalteromonas isolates have been suggested as potential probiotic bacteria to help combat
Acute Hepatopancreatic Necrosis Disease (AHPND), an emerging and severe
shrimp disease affecting aquaculture systems (3–5). Here, we provide details
for the genome of a Pseudoalteromonas strain derived from a shrimp aquaculture facility to aid future investigations into the microbial and host interactions
involving Pseudoalteromonas strains.
Pseudoalteromonas sp. strain JC3 was isolated from seawater of a whiteleg
shrimp (Litopenaeus vannamei) culture purchased from Miami Aquaculture
(Boynton Beach, Florida). Seawater (100 µL) was spread onto YP30 agar
plates (0.1% yeast, 0.5% peptone from meat, 3% Instant OceanTM) and incubated at 25°C for 48 hours. A yellow pigmented colony designated as JC3 was
iteratively inoculated onto YP30 agar and re-isolated to ensure a pure culture.
Pseudoalteromonas sp. JC3 was grown in mLB30 media (Luria broth with 3%
Instant OceanTM) for 24 hours at 25°C and 100 rpm. Genomic DNA was extracted using Bio Basics Molecular Biology Kit according to manufacturer protocol. Genomic DNA was quantified using a Qubit fluorometer (Invitrogen) and
sheared with a Covaris ultasonicator (Covaris). Libraries were prepared on an
Apollo NGS library prep system with the PrepX DNA library kit (Takara Bio)
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and run on an Agilent BioAnalyzer DNA HS chip. Quantification was performed on all samples by qPCR in a Roche LightCycler480 with the KAPA Biosystems Illumina Kit (KAPA Biosystems). Sequencing was performed at the
Rhode Island Genomics and Sequencing Center using 2´250-bp paired-end
sequencing on an Illumina MiSeq (Illumina). The total number of reads was
5,655,047 bp. Sequence trimming and quality control was completed using
FastQC v1.0.0. Reads shorter than 64 bp were discarded. De novo assembly
was performed using CLC Genomics Workbench v12.0.2 and resulting contigs
were processed using CLC Microbial Genome Finishing module. The final
draft assembly was estimated as 100% complete with 1.03% contamination
using CheckM v1.0.18 (6) in KBase (7). The completed draft genome is composed of 112 contigs (N50 contig length, 196,838 bp) with a total sequence
length of 5,572,526 bp and an average G+C content of 43.1%. Rapid Annotations using Subsystem Technology (RAST) was utilized for gene annotation
which resulted in 5,021 coding sequences and 100 RNAs (8). SEED viewer
identified 354 subsystems containing 28% of the coding sequences (9). Default settings were used unless otherwise specified.
Assessment of the Pseudoalteromonas sp. JC3 draft genome suggests multiple avenues for interacting with the surrounding microbial community and environment. BLASTp (10) was used to search the non-redundant protein database at NCBI to identify genes for secretion systems, putative protein and carbohydrate degrading enzymes, a Gram-negative selective antibiotic, vesicle
formation. (Fig. 1, 2) Genes encoding an intact type VI secretion system (Fig.
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3) and a partial type II, and IV secretion system are present.(11) Homologs of
the lodAB (% Query coverage = 100%; E-value = 0.0; % amino acid identity >
99.5%) and goxAB (% Query coverage = 100%; E-value = 0.0; % amino acid
identity > 99%) gene clusters found in Pseudoalteromonas flavipulchra JG1
and numerous bacterial groups (12) encode marinocine (13) and glycine oxidase products (14), respectively, were also present. Free radicals produced by
lodAB and goxAB destroy bacterial cell membranes, and other essential cellular components.(15) Outer membrane vesicles transport enzymes,(16) lipids,
(17) and small molecules (18). OmpA is a key gene involved in release of vesicles caused by blebbing of the bacterial membrane.(17) Antibiotics including
the alterochromide/bromoalterochromides(1) and darobactin(19) were found
using pBLAST. Analysis using the Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) (20) revealed 19 putative biosynthetic gene clusters,
(Table 1) including one for the production of alterochromide/bromoalterochromide antibiotics (1). (Fig. 4)

Public Availability and Accession:
This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession JAFEKQ000000000. The version described in this
paper is version JAFEKQ000000000.
Accession: (https://www.ncbi.nlm.nih.gov/nuccore/JAFEKQ000000000)
Contigs: (https://www.ncbi.nlm.nih.gov/Traces/wgs/JAFEKQ01?display=contigs)
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Table 1: AntiSMASH analysis of Pseudoalteromonas sp. JC3. AntiSMASH
identified 19 putative biosynthetic gene clusters containing biosynthetic pathways ranging from NRPS to lanthipeptide class-i. Four compounds were identified using AntiSMASH with as much as 100% similarity between known biosynthetic pathways were identified within the JC3 genome.
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Figure 1: Genes encoded within the Pseudoalteromonas sp. JC3 genome
(red) and their corresponding products. Outer membrane vesicles are thought
to contain various peptidases, proteinases and small molecules, including alkyl
quinolones.
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Figure 2: Genes encoding the Gram-negative selective antibiotic, darobactin
are present in the JC3 genome. Darobactin is produced via ribosomally- synthesized and post-translationally modified peptide genes (RiPPs) (19).
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Figure 3: Genes involved in the type VI secretion system. The type VI secretion system is a membrane bound complex used to pierce target cells and release effectors to kill the neighboring cell.
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Figure 4: AntiSMASH results of alterochromide/bromoalterochromides biosynthetic gene cluster in JC3 (query sequence) compared to the known gene
cluster (BGC0000299). The red arrow indicates the difference in biosynthetic
gene clusters.
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Abstract:
Vibrio parahaemolyticus PSU 5579 is a pathogenic bacterium that causes
Acute Hepatopancreatic Necrosis Disease (AHPND) in Penaeid shrimps.
AHPND is a major cause of economic loss in the shrimp aquaculture industry
and a limiting factor for future increased production. Current AHPND mitigation
strategies include the use of antibiotics, but the development and spread of
antibiotic resistance precludes their widespread use. Hence, alternative tools
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for AHPND prevention would benefit the shrimp aquaculture industry. In this
study, we identified a marine bacterium, Pseudoalteromonas sp. JC3, which
demonstrates antibiosis towards PSU 5579 and investigated its probiotic potential to prevent AHPND infections in shrimp. Whole genome sequencing of
Pseudoalteromonas sp. JC3 revealed several potential mechanisms for probiotic activity, including genes involved in biofilm formation, quorum sensing
(QS), hydrogen peroxide production, and the biosynthesis of specialized metabolites such as marinocine, bromoalterochromides (BAC) and the potent
Gram-negative antibiotic darobactin. LC-MS/MS analysis was used to evaluate
JC3 culture extracts for production of specialized metabolites and autoinducers involved in QS, such as acyl homoserine lactones (AHLs) and alkyl quinolones (AQs). JC3 was found to be a prolific producer of BACs, AHLs, and
AQs, including an unusual AQ that possesses an unsaturated 19-carbon alkyl
chain. Evidence for darobactin production was observed in trace quantities.
BACs displayed no antibiotic activity towards V. parahaemolyticus, and no evidence was found for hydrogen peroxide being the cause of observed antibiosis
in co-culture experiments. In contrast to probiotic effects observed in whiteleg
shrimp, JC3 was found to adversely affect the survival of newly hatched Artemia nauplii. These studies point to multiple molecular mechanisms for microbial interactions between Pseudoalteromonas sp. JC3 and V. parahaemolyticus PSU 5579 and encourage further studies to determine the potential for
JC3 to be used as a preventative tool against AHPND in aquaculture systems.
Key Words:
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Shrimp aquaculture, Acute Hepatopancreatic Necrosis Disease, Probiotic,
Pseudoalteromonas, Vibrio parahaemolyticus

Introduction:
In 2018, shrimp comprised 60.9% of total crustaceans produced in the
aquaculture industry worldwide, accounting for 15% of the total fish trade (1).
Since 2012, countries including Thailand have struggled as a global exporter
because of disease outbreaks within shrimp aquaculture systems (1). Disease
mitigation solutions for aquaculture are needed for increasing aquaculture
yields to meet the growing demand for seafood and to make countries competitive in a global market. Acute hepatopancreatic necrosis disease (AHPND) is
caused by the shrimp pathogen Vibrio parahaemolyticus and impacts aquaculture systems with outbreaks causing up to 100% mortality (2,3). AHPND-causing Vibrio spp. possess the pVA1 plasmid containing the binary toxins PirAvp
and PirBvp (4). V. parahaemolyticus colonizes in the shrimp gut and leads to
sloughing followed by necrosis of the hepatopancreas tubule epithelial cells
and hemolytic infiltration (2,5). Current treatments include antibiotics and immunostimulatory additions to aquaculture facilities (6). To alleviate the risk of
antibiotic resistance, other infection mitigation approaches must be explored,
including probiotic treatments (6,7).
Pseudoalteromonas spp. are ubiquitous Gammaproteobacteria in marine environments. Recently, we have published the genome of Pseudoalter-
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omonas sp. JC3 and have reported key genes involved in microbe-microbe interactions (8). JC3 was isolated from healthy whiteleg shrimp (Litopenaeus
vannamei) and antagonizes the growth of the AHPND-strain V. parahaemolyticus PSU 5579 in co-culture experiments. Moreover, whiteleg shrimp colonized
by JC3 are resistant to infection by PSU 5579. Using multiple bioinformatic
tools including BLASTp and antiSMASH, JC3 was found to encode multiple
secretions systems, biosynthetic gene clusters for peptide antibiotics and the
presence of quorum sensing networks. The identification of this genetic capability points to testable hypotheses and design of experiments to define the
molecular mechanisms of interspecies interactions by Pseudoalteromonas sp.
JC3 (8).
Notable biosynthetic gene clusters in the JC3 genome include those for
marinocine (9), the lipopeptide bromoalterochromides (10), and the recently
discovered antibiotic darobactin (11). Marinocine is an antimicrobial protein
encoded by lodAB that results in the release of hydrogen peroxide after the
cleavage of lysine oxidase (12). Marinocine producing bacteria are equipped
with molecules providing protection against peroxides. Bromoalterochromides
(BACs) are cyclic lipopeptides that include one or two bromine atoms. Reports
of antibiotic activity against Bacillus algicola CNH 803 (13), Vibrio fischeri ES
114 (13), and antiprotozoal activity against Tetrahymena pyriformis (14)
sparked interest in the role BACs may have in probiotic activity of Pseudoalteromonas sp. JC3. To date, there are five structurally characterized BACs and
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structurally related compounds continue to be reported (13,15–17). Photorhabdus khanii produces darobactin, a potent Gram-negative antibiotic. Darobactin
is encoded by ribosomally synthesized and post-translationally modified peptide genes (RIPPs) (11). All of these bacterial products have the potential to
aid in microbial interactions and probiotic activities.
Bacteria coordinate gene expression within a population in a density
dependent manner known as quorum sensing (QS). Autoinducers are chemical signals that are produced and released by bacterial cells, and once threshold concentrations are achieved in the surrounding environment, gene expression is initiated. Two types of autoinducers in Gram-negative bacteria are Nacylhomoserine lactones (AHLs) and quinolones. Recently, QS molecules
have been explored for other functions such as induction of stress response in
neighboring bacteria (18), anti-algal activity (19), and for modulating host immune systems (20). Therefore, understanding production of autoinducers is
important for understanding bacterial intra- and inter-species interactions.
Here, we designed and conducted experiments based on existing genomic evidence to interrogate how various molecular mechanisms may mediate interactions between Pseudoalteromonas sp. JC3 and the shrimp pathogen, V. parahaemolyticus PSU 5579. The in situ production of specialized metabolites and autoinducers by JC3 was verified using LC-MS/MS techniques,
and microbiological assays were conducted to probe their potential involve-
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ment in bacterial competition. An infection model with Artemia was implemented to test the effects of JC3 on the health of brine shrimp and to explore
probiotic effects when exposed to V. parahaemolyticus PSU 5579.

Materials and Methods:
Strains and Reagents
Pseudoalteromonas sp. strain JC3 was originally isolated from a healthy
whiteleg shrimp (Litopenaeus vannamei) obtained from Miami Aquaculture
(Boynton Beach, Florida) (8). V. parahaemolyticus PSU 5579 was isolated
from a shrimp farm in southern Thailand amidst an AHPND outbreak (21,22).
Bacterial growth components and solvents were purchased from Wilkem Scientific (Pawtucket, RI, USA) unless otherwise specified.

Bioinformatic Analysis
Genome data from Pseudoalteromonas sp. JC3 (accession no.
JAFEKQ000000000) was analyzed using two publicly available bioinformatic
servers. Phylogenomic analysis was completed using Type (Strain) Genome
Server (23) and identification of biosynthetic gene clusters was aided by AntiSmash version 5.0 (24).

Culture conditions
All bacterial strains were maintained in 25% glycerol at -80 °C. V. parahaemolyticus PSU 5579 was cultivated at 25 °C and 100 rpm in 10 mL of LB30 broth

119

(5 g/L tryptone, 1 g/L yeast extract, 30 g/L Instant Ocean®) or on LB30 agar
plates (5 g/L tryptone, 1 g/L yeast extract, 30 g/L Instant Ocean®, 10 g/L agar)
and incubated at 25 °C. Pseudoalteromonas sp. JC3 was cultivated at 25 °C
with 100 rpm shaking in YP30 broth (5 g/L peptone, 1 g/L yeast extract, 30 g/L
Instant Ocean®) or YP30 agar (5 g/L peptone, 1 g/L yeast extract, 30 g/L Instant Ocean®, 10 g/L agar) and incubated at 25 °C. Bioassays were completed
in YP30 broth or on YP30 agar media.

Bacteria Antagonism Assay
Anti-Vibrio assays were completed using previously described methods with
minor modifications (25). A 10 mL culture of V. parahaemolyticus PSU 5579
was cultivated in LB30 broth at 25 °C for 24 h. A 50 µL aliquot was evenly
spread onto a YP30 agar plate and allowed to dry at ambient temperature for
15 min. Pseudoalteromonas sp. JC3 was cultivated in 10 mL of YP30 broth
and incubated at 25 °C for 24 h or 72 h, then 10 µL aliquots of the cultures
were spotted onto the agar surface previously inoculated with PSU 5579. The
positive control was a DIFCO disk impregnated with 5 µg ciprofloxacin (Midland Scientific, La Vista, NE, USA). Plates were incubated at 25 °C for 24 h
and the diameter of the growth inhibition zone (including the JC3 colony) were
measured in mm. All tests were conducted in triplicate.

Artemia Infection Assay
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Artemia cysts were obtained from YiWu Aollan Co. (Yiwu, China) and grown
according to the manufacturer's protocol. Briefly, under aeration, cysts were
rehydrated in sterile deionized water for 1 h prior to the addition of Instant
Ocean® for a final salt concentration of 30 g/L. Nauplii were hatched at 25 °C
in a well-lit room for 48 h. An average of 20 nauplii (50 µL) were added per
well into 24-well non-treated sterile plates (CellTreat) with a total volume of
950 µL of artificial seawater (ASW; 30 g/L of Instant Ocean®). Pseudoalteromonas sp. JC3 was cultivated in 10 mL of YP30 broth at 25 °C and 100 rpm
for 24 h. V. parahaemolyticus PSU 5579 was cultivated in 10 mL of LB30 broth
at 25 °C and 100 rpm for 24 h. JC3 and PSU 5579 cultures were centrifuged
at 3,000 rpm for 10 min, decanted and resuspended in 10 mL of AWS, and
this process was repeated for a total of 3 washes to ensure removal of media
constituents. PSU 5579 was resuspended in 2 mL of ASW and the OD600 was
adjusted to 0.900 (1 X 107 CFU/mL) using ASW. JC3 was resuspended in 4
mL of ASW and the OD600 was adjusted to 0.015 (1 X 105 CFU/mL) followed
by a 1:10 dilution into ASW. PSU 5579 was added for a total concentration of
105 CFU/mL and JC3 was added for a total concentration of 103 CFU/mL.
Controls contained no bacteria, or 10 µL of only one of the respective cultures.
The co-culture challenge contained 10 µL of both the PSU 5579 and JC3 cultures. The plates were covered and incubated at 25 °C on a tilt table with gentle rocking for 72 h. Artemia mortality was calculated at 24, 48 and 72 h living
shrimp were motile while dead shrimp were limp. At hour 72, 100 µL of ethanol
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was added to each well and the total number of shrimps in each well were recorded. The average percent mortality was calculated by dividing the number of
dead shrimps by the total shrimp counted at the end of the experiment multiplied by 100. This experiment was completed in technical triplicate.

Extraction and Isolation of Bromoalterochromides from JC3 Cultures
Large scale extraction of Pseudoalteromonas sp. JC3 was grown using a
modified method of Timmermans et al., with minor modifications (Fig. S1)
(26). Cotton was wrapped in foil and autoclaved prior to the addition into sterile
YP30 broth at 15 g cotton per 1 L of YP30. A JC3 starter culture was cultivated in 10 mL of YP30 broth and incubated at 25 °C for 72 h and used to inoculate the subsequent four 1 L cultures which were then incubated at 25 °C
with or without shaking at 100 rpm. On days 5 and 7, cultures were filtered using vacuum filtration to separate the cotton and supernatant. A 200 mL aliquot
of supernatant was centrifuged at 3,000 rpm for 10 min and the liquid was decanted and partitioned with 200 mL ethyl acetate, and the organic phase was
dried over anhydrous sodium carbonate, filtered, and concentrated in vacuo.
The cotton was extracted in 400 mL methanol (MeOH) for 1 h, then filtered
and the liquid phase was concentrated in vacuo. Extraction on day 7 additionally included extraction of the pelleted JC3 cells. Twice the pelleted cells were
resuspended in deionized H2O (10 mL) with vortexing, re-pelleted by centrifugation, and decanted to remove any remaining media constituents. Cell pellets
were extracted in 1 mL of MeOH for 1 h with stirring, then centrifuged at 3,000

122

rpm for 10 min, and the decanted supernatant was dried in vacuo. Extracts
(200 µg/disc) were analyzed for anti-Vibrio activity as described above.

The 7-day shaking cotton extract contained the most material in the crude extract (1.90 g) and was subjected to fractionation using reversed-phase chromatography. A total of 1.5 g of the extract was loaded onto 12.5 g of C18 resin
(Teledyne ISCO, 40-60 µ) and the adsorbed metabolites were eluted in sequence with 20% MeOH/80% H2O, 40% MeOH/60% H2O, 60% MeOH/40%
H2O, 80% MeOH/20% H2O, 100% MeOH. The fractions were then concentrated in vacuo and stored at -20 °C until further use. Metabolites eluted with
80% MeOH/20% H2O (15.6 mg) are hereafter referred to as the “enriched fraction”.

Cytotoxicity of Secondary Metabolites from JC3 in Artemia spp.
To evaluate secondary metabolite toxicity to Artemia nauplii, we subjected Artemia to compounds produced by Pseudoalteromonas sp. JC3. The known
quorum sensing compounds, HHQ and PQS are produced among many Pseudoalteromonas strains and have been detected in our LC-MS/MS quinolone
screen (19). The enriched alterochromide fraction was tested at 10, 50 and
100 µg/mL, while HHQ and PQS were tested at final concentrations of 10
µg/mL in triplicate. DMSO was the control and was used to dissolve all compounds. Shrimp mortality was measured at 0, 24, 48 and 72 h for alterochromide treatments, and 0, 24 and 48 h for HHQ and PQS treatment wells.
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Chemical Analysis of Bromoalterochromides
High performance liquid chromatography (HPLC) was performed on a Shimadzu Prominence-I LC-2030C equipped with a PDA detector model LC2030/2040 (Shimadzu Corporation, Kyoto, Japan). Reverse phase analytical
HPLC was performed using a XBridge Analytical C18 5 μm, 4.6 × 250 mm column (Waters Corporation, Milford, MA, USA). HPLC was accomplished using
the mobile phases (A) MeOH + 0.1% formic acid (FA) and (B) H2O + 0.1% FA
with the following method: 5% A for 4 min, a linear gradient to 100% A over 16
min, holding at 100% A for 4 min, then returning to 5% A for 4 min. The flow
rate was 1.000 mL/min and UV wavelengths from 190-600 nm were monitored
using the PDA detector. All samples (5 day: static and shaking, 7 day: static,
shaking and cell extracts) were prepared at 10 mg/mL in MeOH and 30 µL
was injected for analysis. Post processing data was completed using LabSolutions Postrun Analysis and alterochromide derivatives were detected using the
characteristic UV absorbance at 390nm (10,26).

Semi-preparative HPLC was performed using a XBridge Semi-preparative C18
5 µm, 10 × 250 mm column (Waters Corporation, Milford, MA, USA). HPLC
was accomplished using the mobile phases (A) MeOH + 0.1% FA and (B) H2O
+ 0.1% FA (B) with the following method: 75% A for 3 min, a linear gradient to
85% A over 32 min, increasing to 100% A for 3 min, then returning to 75% A
for 5 min. The flow rate was 3.000 mL/min and UV wavelengths at 320 and
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395 nm were monitored using the PDA detector. Multiple 100 µL injections of
the enriched fraction prepared at 35 mg/mL in 50:50 water:acetonitrile with 2%
dimethyl sulfoxide was used to collect individual bromoalterochromides.

Liquid chromatography mass spectrometry (LC-MS) was performed using
ThermoFisher ISQTM EC Single Quadrupole Mass Spectrometer system (ThermoFisher Scientific, Waltham, MA, USA) coupled to a Dionex UltiMate 3000
UHPLC system (ThermoFisher Scientific, Waltham, MA, USA). LC-MS was
performed using a XBridge Analytical C18 5 μm, 4.6 × 250 mm column (Waters Corporation, Milford, MA, USA). LCMS was accomplished using acetonitrile (ACN) + 0.1% formic acid (FA) (A) and H2O + 0.1% FA (B) with the following method: 40% A for 3 min, a linear gradient to 90% A over 27 min holding at
90% A for 2 min, then returning to 40% A for 6 min. The flow rate was 0.3000
mL/min and UV wavelengths from 395 nm were monitored using the PDA detector. Mass spectrometry was conducted in the negative ion mode with a CID
of 30, vaporizer temperature of 338 °C, ion transfer tube temperature of 300
°C, source voltage of -2000 V, sheath gas pressure of 56.9 psig, aux gas pressure of 6.5 psig and sweep gas pressure of 0.5 psig. The enriched fraction
was prepared at 100 µg/mL in 40:60 ACN:H2O and 10 µL was injected onto
the column.

Bacteria Biofilm Assay
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This assay was performed using a modified version of the bioassays reported
in Zhao et al. (25). Briefly, V. parahaemolyticus PSU 5579 was grown in 10 mL
of LB30 at 25 °C and 100 rpm for 24 h. UV sterilized glass cover slips were
placed into each well of a sterilized non-treated 6-well plate (CellTreat) containing 6.0 mL of YP30 media. DMSO (100 µL) was added into control wells
and a 100 µL of a 33 µg/mL alterochromide enriched fraction dissolved in
DMSO was added into each experimental well. V. parahaemolyticus PSU
5579 (100 µL) was inoculated into test wells, and the plate was gently shaken
to mix. Plates were incubated at 25 °C. V. parahaemolyticus PSU 5579 cells
within the biofilm and the planktonic cells were enumerated at 24, 48 and 72 h.
Cover slips were removed with sterile forceps and gently dipped in a Petri dish
containing sterile artificial seawater (ASW) to remove non-adherent cells. The
coverslip was vortexed with 3 mL of ASW and 1 g of sterile glass disruptor
beads (USA Scientific) for 3 min. Once the beads settled, bacteria were enumerated using a spot plate dilution series modified from Wang et al. (27).
Briefly, 6 dilutions were prepared by taking 100 µL of culture and diluting into
900 µL of fresh YP30 media then diluted 10-fold. Dilutions were vortexed prior
to 10 µL aliquots being spotted onto YP30 agar in triplicate. The plates were
dried at ambient temperature for 15 min and then incubated at 25 °C for 24 h.
Colonies were counted, and the averages were used to calculate colony forming units (CFU). Planktonic cells were directly enumerated from the broth contents of the well using the same dilution and plating method.
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Catalase Assay
This assay was performed using modified methods adapted from CampilloBrocal et al. (9). Briefly, V. parahaemolyticus PSU 5579 was cultivated in 10
mL of LB30 broth and incubated 25 °C and 100 rpm for 24 h to OD600 = 0.650.
Pseudoalteromonas sp. JC3 was cultivated in 10 mL of YP30 broth and incubated at 25 °C and 100 rpm for 72 h. Catalase activity was confirmed by dropping 5 µL into hydrogen peroxide; activity was observed as bubbles. Catalase
(10 µL of a 35.7 mg/mL solution) (12) was added onto sterilized 6 mm paper
disks and dried at ambient temperature for 15 min. A lawn of V. parahaemolyticus PSU 5579 was spread using 40 µL of bacteria culture onto YP30 agar
plates and allowed to dry for 15 min. The catalase loaded disk was placed
onto the agar and a 5 µL spot of JC3 was added 0.5 cm away from the catalase disk. Plates were incubated at 25 °C for 24 h. The ZOI surrounding JC3
colonies was measured and visually observed for any differences in areas
nearby the catalase containing disks. PSU 5579 growth in what should be a
zone of inhibition indicates that H2O2 is being cleaved by the catalase. Alternatively, a zone of inhibition of PSU 5579 around the catalase disc indicates that
H2O2 production is not the main contributor of antibiosis.

Bioinformatic analysis for the presence of enzymes and genes involved in virulence of Vibrio parahaemolyticus
Peptidases were identified within the JC3 annotated genome due to their possible role microbial interactions with V. parahaemolyticus (28). SignalP 5.0
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(29) was used to identify if these proteolytic enzymes were signaling peptides.
Signaling peptides (SP) are found within secretory proteins and carry information for protein secretion to the membrane and endoplasmic reticulum (30).
The fate of SPs involves one of the 6+ secretion systems in Gram-negative
bacteria but gives insight on potentially important peptidases (31). SignalP 5.0
organizes SPs into four categories: Sec SP, lipoprotein SP, tat SP or other
(not a signal peptide). All amino acid sequences containing SP were analyzed
using the TMHMM server 2.0 (32) to identify transmembrane domains encoded in SPs.

Targeted LC-MS/MS for Detection of Autoinducers Produced by Pseudoalteromonas sp. JC3
This method was adapted and modified from previously reported methods by
Lybbert et al. and Dal Bello et al. (33, 34). Pseudoalteromonas sp. JC3 was
grown in 10 mL of YP30 at 25 °C and 100 rpm for 72 h. Bacterial cells were
centrifuged at 2,500 rpm for 10 min and the supernatant (8.0 mL) was loaded
onto StrataX 33 μm Polymeric Reversed Phase 30 mg/ 3 mL (Phenomenex)
column cartridges preconditioned with MeOH (6.0 mL) followed by H2O (6.0
mL). Columns were washed with 10% aqueous MeOH (6.0 mL) and metabolites were eluted using MeOH + 0.1% formic acid (FA) (0.5 mL×2). Samples
were concentrated using a ThermoFisher Savant SpeedVac (SPD1030) at 35
°C for 2 h then reconstituted to 0.5 mg/mL in 50:50 H2O:MeOH for LC-MS/MS
analysis.
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Autoinducers were detected using multiple reaction monitoring on an AB Sciex
4500 mass spectrometer (Sciex, Framingham, MA, USA) coupled to a a LC20AD Shimadzu prominence UFLC system (Shimadzu Corporation, Kyoto, Japan). Chromatography was conducted using a C8 Kintex 2.5 μm 150 x 2.1 mm
100 Å column (Phenomenex) with linear gradients created from mobile phases
(A) H2O + 0.1% FA and (B) MeOH + 0.1% FA and a flow rate of 0.200 mL/min.
Data analysis was completed using Analyst (ABSciex) software. Separate
methods were developed for screening either (1) hydroxyquinolone autoinducers, or (2) HHQ and AHL autoinducers. For hydroxyquinolone variations, liquid
chromatography was accomplished as follows: a linear gradient of 30% to
100% B over 7 min, holding at 100% B for 5 min, then equilibrating to 30% B
for 3 min. Mass spectrometry was conducted in positive ion mode with a
source temperature of 350.0 °C and a medium CID setting. Ions were measured using a declustering potential of 75.0 and a collision energy of 38.0. Mass
detection data was collected from 2-10 min. Alkyl quinolone and AHL variations were detected using the following liquid chromatography method: 50% B
for 3 min, a linear gradient to 100% B over 4 min, holding at 100% B for 4 min,
and then equilibrating to 50% B for 3 min. Mass spectrometry was conducted
in positive ion mode with a source temperature of 350.0 °C and a medium CID
setting. Ions were measured using a declustering potential of 96.0, and a collision energy of 44.0. Mass detection data was collected from 3-9 min. A list of
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all the compounds analyzed, including the m/z for their [M+H]+ and product
ions is shown in supplementary figures S2, S3 and S4.

LC-MS/MS Detection of Darobactin and Autoinducers in JC3 Culture Supernatants
The Gram-negative selective antibiotic darobactin is encoded within the Pseudoalteromonas sp. JC3 genome (11). JC3 was cultivated in 10 mL volumes of
three media types using two different growth conditions and monitored by LCMS/MS in MRM mode for production of darobactin. The liquid media included
(1) YP30, (2) LB30 and (3) seawater with chitin (30 g/L Instant Ocean®, 20 g/L
chitin). Media were inoculated with a 72 h culture of Pseudoalteromonas sp.
JC3 grown in the matching identical medium at 25 °C and 100 rpm. One culture of each media type was grown static at 25 °C and the second was incubated at 25 °C with shaking at 100 rpm. After 72 h, the cultures were centrifuged at 5,000 rpm for 10 min and supernatants were loaded onto StrataX 33
μm Polymeric Reversed Phase 30 mg/ 3 mL (Phenomenex) column cartridges
preconditioned with MeOH (6.0 mL) followed by H2O (6.0 mL). Columns were
washed with 10% aqueous MeOH (6.0 mL) and the retained metabolites were
eluted and collected using MeOH + 0.1% FA (0.5 mL×2). Samples were concentrated in vacuo using a ThermoFisher Savant SpeedVac (SPD1030) at 35
°C for 2 h and then reconstituted to 0.5 mg/mL in 50:50 H2O:MeOH for LCMS/MS analysis.
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LC-MS/MS for darobactin was completed using an AB Sciex 4500 mass spectrometer coupled to a Shimadzu UFLC using a C8 Kintex 2.5 μm 150 x 2.1
mm 100 Å column with a mobile phase of (A) H2O + 0.1% FA and (B) MeOH +
0.1% FA (B) with a flow rate of 0.200 mL/min. The chromatography method is
as follows: 15% B for 4 min followed by a linear gradient to 25% B over 8 min
followed by a column wash at 100% B for 3 min then equilibration to 25% B for
3 min. Mass spectrometry was completed using positive ion mode, CUR 25.0,
CAD med, IS 5500, TEM 350, GS1 30, GS2 25, DP 96, EP 10 and CXP 9.
Three transitions were monitored in the MRM mode, 966.4 to 949.3 with CE of
44.00 V, 966.4 to 650.3 with CE of 41.00 V and 966.4 to 398.2 with CE of
61.00 V (11).

In a separate experiment, production of autoinducers and darobactin were
monitored over time using the LC-MS/MS MRM methods described above. 18
total culture tubes, each containing 10 mL of YP30 broth, were inoculated with
10 µL of a 72 h culture of Pseudoalteromonas sp. JC3 grown in YP30 at 25 °C
and 100 rpm. Tubes were incubated at 25 °C and shaken at 100 rpm. At each
time point, two tubes were extracted using the solid-phase extraction method
above and stored dry at -20 °C until analysis. The time points (hours) were as
follows: 19, 48, 72, 168, 216, 284, 332, 375, 456. LC-MS/MS detection used
for autoinducer detection is identical to above.
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Isolation of darobactin and the long chain quinolone from Pseudoalteromonas
sp. JC3
The darobactin isolation protocol was a adapted with modification from Imai et
al. (11). Briefly, Pseudoalteromonas sp. JC3 was grown in 10 × 1 L culture
flasks in YP30 media at 28 °C and 135 rpm for 13 days. On day 12, AmberliteÔ XAD-resin (35 g/flask, Sigma Aldrich) was added, and the cultures were
incubated for an additional 24 h. The resin was collected by filtration using
cheesecloth and washed with 4 L H2O to remove salts and media components. The resin was then extracted with 4 L of 50:50 MeOH:H2O with 0.1%
FA and dried in vacuo. The resin was further washed with 1 L of ethyl acetate
and this fraction was separately concentrated in vacuo. LC-MS/MS analysis
was completed to confirm extraction of darobactin and a selected alkyl quinolone ([M+H]+ = 382) as described above.

Statistical Analysis
All analysis were completed using a multi comparison two-way ANOVA, Dunnett’s multiple comparisons test. In all cases, treatments were compared to the
control. ns = not significant, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. If
no significance is shown, then all data points are not significantly different.

Results:
Biological Implications of JC3

132

Phylogenomic Evaluation Identifies JC3 as belonging to the genus Pseudoalteromonas
To better classify Pseudoalteromonas sp. JC3, we used the Type (Strain) Genome Server (TYGS) to evaluate species of genomically similar bacteria. A
species denotation for Pseudoalteromonas sp. JC3 was not identified by
TYGS. The closest identified relatives included P. galatheae S4498T and P.
piscicida ATCC 15057 with digital DNA-DNA hybridization scores of 62.2 and
63.1, respectively (identical strains share values of 100%) (Fig. 1). Paulsen et
al. describes the novel species P. galatheae as being a non-pigmented,
thereby possibly omitting JC3 since its colonies are generally observed as yellow (35). These results suggest that Pseudoalteromonas sp. JC3 is potentially
a new species of marine Pseudoalteromonas, but further phylogenetic and
phenotypic characterization is required to verify this possibility.
Pseudoalteromonas sp. JC3 Inhibits the Growth of V. parahaemolyticus PSU
5579 in Co-culture
A recognized phenotype for many probiotic bacteria is the ability to synthesize
antimicrobial compounds (36). We evaluated the ability of Pseudoalteromonas
sp. JC3 to limit the growth of V. parahaemolyticus PSU 5579 in a co-culture
experiment. The zone of inhibition (ZOI) of the positive control ciprofloxacin
was 16 mm while the ZOI surrounding Pseudoalteromonas sp. JC3 colonies
were 18-19 mm (Fig. 2). These results demonstrate that Pseudoalteromonas
sp. JC3 potently antagonized the growth of V. parahaemolyticus PSU 5579.
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Biofilm assay
Biofilm formation can be a contributing factor to bacterial pathogenicity, and
probiotic bacteria have been observed to diminish biofilm production in target
pathogens via the secretion of specialized metabolites (38). Since previous reports suggest that BACs have mild antibiosis against various strains of Vibrio
spp. (13), we were encouraged to test if BACs would impact V. parahaemolyticus biofilm formation. The BAC enriched fraction was found to contain 7 congeners differentiated based on UV absorption at 390 nm (26) and differing retention times (Fig. S10). This was further demonstrated by LC-MS (Fig. S12),
indicating that the major components of this fraction are BAC A/A’, BAC B/B’
and BAC D/D’. PSU 5579 was added to a 6-well plate containing sterile glass
coverslips and the BAC-enriched fraction was added at concentrations of 3.3
µg/well. BACs had no significant influence on the biofilm formation or growth
of V. parahaemolyticus PSU 5579 (Fig. 5). Planktonic cells exposed to BACs
also showed no decline in comparison to cells treated with the DMSO control.
Therefore, BACs displayed no biofilm inhibition against V. parahaemolyticus
PSU 5579 and the concentration tested.

Pseudoalteromonas sp. JC3 Adversely Impacts Survival of Artemia Nauplii
To further probe the probiotic potential of JC3 in shrimp, we investigated its effects in an Artemia infection assay. Brine shrimp have been previously used
to investigate the protective effects of probiotic bacteria in the presence of Vibrio pathogens (37) and have the advantage of being rapid and inexpensive.
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We evaluated the effects of V. parahaemolyticus PSU 5579 and Pseudoalteromonas sp. JC3, both individually and in combination using Artemia nauplii.
Cysts were hatched after 48 hours and nauplii were subjected to Pseudoalteromonas sp. JC3 (103 CFU/mL), V. parahaemolyticus PSU 5579 (105
CFU/mL), or both. Nauplii mortality was calculated every 24 hours for a total of
72 hours or until the PSU 5579 had achieved a 60% mortality rate among Artemia. At hour 72, substantial Artemia mortality was observed in all nauplii exposed to either bacterial strain (Fig. 3). JC3 exposure resulted in a 45% mortality to nauplii, while PSU 5579 was observed to cause 60% mortality. A combination of both JC3 and PSU 5579 also resulted in approximately 60% mortality. These data demonstrate that Artemia nauplii are not a suitable model organism to interrogate the probiotic actions of JC3.

To further investigate the observed Artemia mortality, we evaluated the cytotoxicity of specialized metabolites produced by JC3, including bromoalterochromides (BACs), HHQ and PQS signaling molecules at concentrations ranging from 10 – 100 µg/mL. BAC and quinolones had no significant influence on
the mortality of Artemia nauplii (Fig. 4A, 4B). These results suggest that production of BACs and quinolone autoinducers are not primary contributors to
the observed mortality in Artemia when exposed to JC3.

Bioinformatic Analysis for the Presence of Enzymes and Genes Involved in
Virulence
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A previous report by Richards et al. (28) described the transfer of lytic vesicles
from Pseudoalteromonas piscicida to Vibrio parahaemolyticus as a potential
mechanism for cell attack. Lytic vesicles are transferred to V. parahaemolyticus delivering enzymes that cause holes to form in the cell walls, leading to
cell-death for the Vibrio cell and the leaching of nutrients to benefit P. piscicida. We used bioinformatic analysis to determine if Pseudoalteromonas sp.
JC3 is equipped with similar enzymes. There were 78 peptidases annotated in
the JC3 genome, 27 of which were aminopeptidases. SignalP 5.0 (29) was
used to examine the presence of signaling peptides. There were 35 signaling
peptides identified and 12 were designated as lipoprotein signal peptides. Out
of these 47 peptidases, three contained a single transmembrane domain. The
JC3 genome also encodes genes responsible for producing the outer membrane protein family, and specifically OmpA. These proteins are important in
cell morphology, and outer membrane vesicle formation, among other functions (39). The presence of these genes suggests additional mechanisms by
which JC3 might antagonize the actions of bacterial competitors.

Investigation of Secondary Metabolites Produced by JC3
Bromoalterochromide Production by Pseudoalteromonas sp. JC3
Bioinformatic analysis of the JC3 genome using AntiSmash 5.0 (24) revealed
the entire intact biosynthetic gene cluster for brominated cyclic peptides known
as the bromoalterochromides (8,10). These molecules have been previously
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reported for their antimicrobial activities, including against the marine bacterium Vibrio fischeri (13). Therefore, we were encouraged to investigate the
production of BACs by JC3 and determine if they were responsible for the observed growth inhibitory effects against V. parahaemolyticus PSU 5579.

Timmerman et al. previously reported that the bacterium Pseudoalteromonas
piscicida JCM 20779 biosynthesizes several BACs, and that production is enhanced when the strain was grown in the presence of cotton (26). Therefore,
we pursued an analogous approach to see if Pseudoalteromonas sp. JC3
would behave similarly. JC3 was grown in the presence of 15 g of sterile cotton for 5 or 7 days at 25 °C, either with shaking (100 rpm) or static conditions.
The alkyl chain in the bromoalterochromides is highly conjugated, resulting in
a characteristic UV absorbance at 390 nm, which can be useful for analyzing
culture extracts by UV-HPLC and gives these compounds a yellow/orange
color that is clearly visible by eye. BAC production was expected in JC3 cultures over 72 h as indicated by the increasing abundance of yellow/orange coloring of the cotton (Fig. S5). On day 5 in the shaking cultures, the supernatants turned bright orange suggesting these compounds are being released
from the cells (Fig. S6). On day 7, these yellow compounds were mainly observed in the supernatant; however, the crude extract yield of the cotton extract (1.90 g) was greatest and therefore selected for bromoalterochromide
isolations (Fig. S7). Interestingly, the cell pellet of the static culture was a deep
orange color while the pellet of the shaking culture was pale by comparison
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(Fig. S8). This suggests that in static growth conditions, Pseudoalteromonas
sp. JC3 is not releasing these highly pigmented compounds but harboring
them intracellularly. This can be further supported in Fig. S8B where conjugated compounds are over 7 times more abundant in the static vs. shaking
cultures.

All extractions were tested for bioactivity against V. parahaemolyticus PSU
5579 using disk diffusion assays. None of these extracts were active (Fig.
S9). After fractionation, the enriched fraction was retested against PSU 5579
and was inactive (data not shown). This suggests that under these growth
conditions, Pseudoalteromonas sp. JC3 does not produce a metabolite in sufficient quantities to inhibit the growth of PSU 5579, and that bromoalterochromides lack antibiotic activity against this Vibrio strain.

Catalase Assay
The Pseudoalteromonas sp. JC3 genome encodes for LodA and LodB genes,
which together encode for the production of the marinocine (12). Marinocine
ultimately leads to production of hydrogen peroxide which can harm nearby
bacterial cells. Catalase is an enzyme that cleaves hydrogen peroxide and can
be used to study its role in bacterial interactions (9). Spotting JC3 in close
proximity to a catalase loaded disk enabled us to determine if production of hydrogen peroxide contributes to the growth inhibition against PSU 5579. In our
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experiments, we observed no differences in the zones of growth inhibition surrounding JC colonies, regardless of proximity to catalase disks. Therefore,
peroxide production is not responsible for the observed antibiotic effects
against PSU 5579 in the co-culture assay (Fig. 5).

Production of Autoinducers Under Various Growth Conditions
Production of secondary metabolites produced by bacteria is dependent on
growth conditions. We explored the influence of growth conditions on the production of autoinducers. Pseudoalteromonas sp. JC3 was subjected to six cultivation conditions, three media types (YP30, LB30, and seawater with chitin)
and two growth conditions per media type (shaking and static). All cultures
were cultivated at 25 °C for 72 hours. Cultures were centrifuged and the resulting supernatants were extracted using solid phase resin extraction. Targeted LC-MS/MS was conducted to evaluate quinolones and N-acyl homoserine lactone autoinducers produced by Pseudoalteromonas sp. JC3 under various cultivation conditions.

Our analysis revealed four autoinducers that are produced across all conditions, three AHL’s (m/z = 256, 284 and 312) and the alkyl quinolone, 2-heptyl4-quinolone (HHQ; m/z = 244) (Fig. 6). It is presumed these metabolites are
key chemical cues produced by JC3 at this stage of growth because of their
abundance and prominence throughout all culture conditions. Chapter 2 of this
dissertation shows that HHQ is produced in abundance during late exponential
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to early stationary phase of bacterial growth leading us to believe that JC3 is
within that growth stage. When cultivated using different growth media, there
are differences in production of autoinducers. Nutrient-rich media like YP30
and LB30 result in minor differences in autoinducer production, as seen in
AHLs produced during static growth. Notably, an alkyl quinolone (m/z= 382) is
produced in shaking YP30 but not shaking LB30. We see major differences in
production between seawater + chitin and YP30/LB30 media types. YP30 and
LB30 are typical marine broth media while seawater with chitin represents a
more natural environment for bacterial growth. Chitin is a nutrient-rich natural
polymer that provides a biofilm scaffold for marine bacteria (40). Cultivation
with sweater + chitin results in production of many autoinducers and abundant
production of two AHLs and HHQ. Differences in media type suggest that autoinducers produced when cultivated in nutrient-rich media may not be comparable to conditions that mimic natural marine environments.

Pseudoalteromonas sp. JC3 produced different autoinducers in shaking vs.
static conditions which can be seen predominantly in YP30 and LB30 culture
media. Cultures under aerobic conditions produce less of a variety of autoinducers, but those that were produced were detected in greater abundance. Alternatively, when grown as a static culture, JC3 produces more variety of autoinducers at lower concentrations. There are no major differences in compound
diversity in seawater + chitin media when comparing static versus shaking
conditions.
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Production of Autoinducers and Darobactin over Time
Pseudoalteromonas sp. JC3 has the genomic capability to produce darobactin
(11), but production in laboratory cultivations was previously undetermined.
Prior research has shown darobactin production to be dependent on growth
conditions (11). This led us to explore if, when, and how much darobactin is
produced by Pseudoalteromonas sp. JC3. First, we cultivated Pseudoalteromonas sp. JC3 using six growth conditions (three media types, two growth
parameters), removed the cells using centrifugation, and then extracted metabolites from the resulting supernatant by a solid-phase resin technique. Using MRM LC-MS/MS analysis, we detected trace amounts (up to 76 counts per
second) of darobactin in 4 out of the 6 growth conditions tested (Fig. S11,
S14). Based on ion counts, darobactin production was highest when cultivated
in YP30 at 25 °C and 100 rpm, although it still appeared to be in trace quantities. Seawater + chitin was the only media type where no darobactin was detected in either cultivation type. After determining an appropriate growth media
and conditions, we cultivated JC3 and screened for production of darobactin
and autoinducers over 456 hours.
Darobactin was not detected at any time point (Fig. 7). Interestingly,
there was an obvious shift in autoinducer production over the 456 hours. In beginning hours of JC3 growth, three AHL’s (m/z = 144, 256 and 284) were produced but a shift in production to one major AHL (m/z = 172) occurs at hour
332. This shift also corresponded to a spike in HHQ (m/z = 244) production.
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Pseudoalteromonas sp. JC3 produced two quinolones (m/z = 244 and 382)
throughout the 456 hours suggesting these compounds are somehow important throughout all stages of JC3 growth. Furthermore, one quinolone (m/z
= 300) is only produced from between hours 19 and 216, suggesting its relevance only during early stages of JC3 growth.
The quinolone [M+H]+ = 382 was occasionally observed in high abundance by LC-MS/MS. This molecular ion is consistent with one site of unsaturation in the C19 chain, but where this unsaturation occurs is still under investigation. This molecule has previously been mentioned in the literature in a
study utilizing untargeted metabolomics to identify signaling molecules in
MS/MS spectra in a database (33). Fragmentation of this compound suggests
that the unsaturation occurs at the C-C bond between the alpha- and beta-carbon of the alkyl chain (Fig. S12) supporting previous data, but our fragmentation experiment also supports an unsaturation at the C-C bond between
gamma- and delta- carbons of the alkyl chain (S13). The m/z supports only
one site of unsaturation within the structure suggesting that Pseudoalteromonas sp. JC3 could be producing multiple C19 molecules with different
sites of unsaturation.

Discussion:
Our research aims to determine the mechanisms involved in the observed antibiosis between Pseudoalteromonas sp. JC3 and the AHPND causing V. parahaemolyticus PSU 5579 and to further examine JC3 as a potential
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probiotic treatment for cultured shrimp. Gram-negative bacteria have been
previously proposed as probiotic treatments in shrimp aquaculture systems for
protection against Vibrio pathogens (41), although none are currently commercially available to our knowledge. There is currently a gap in understanding the
primary mechanisms by which potential probiotic bacteria may protect their penaeid hosts. Studies of probionts in other aquatic species point to multiple
mechanisms which can simultaneously contribute to host protection, including
the secretion of antibiotics, ability to form biofilms, interference with pathogen
QS networks, and modulation of the host microbiome (25,42,43). Pseudoalteromonas sp. JC3 was isolated from a healthy whiteleg shrimp and provided resistance to AHPND in an in vivo infection model (Dr. David Nelson, personal
communication), suggesting both its safety and efficacy as a probiotic organism. Together with its fully sequenced genome, JC3 presents as an excellent
model organism to investigate probiotic mechanisms in the context of shrimp
aquaculture.
Pseudoalteromonas isolates have been previously found to produce
specialized metabolites that limit the growth of Vibrio pathogens. Wang et al.
identified P. flavipulchra and P. piscicida strains that secrete extracellular antibacterial compounds and demonstrate safety in the presence of Penaeus vannamei (44). A second strain of P. flavipulchra produces PfaP, an antibacterial
protein that inhibits growth of the V. anguillarum, and further produces a series
of organic acids, including p-hydroxybenzoic acid and trans-cinnamic acid,
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which can limit the growth of V. anguillarum and V. harveyi (45,46). Bromoalterochromides A/A’ and D/D’ produced by Pseudoalteromonas sp. JC28
were reported to demonstrate modest antibacterial bioactivity against V. fischeri ES113 with MICs of ~60 µM (13). A sub-fraction containing up to three metabolites produced by P. xiamenesis have an MIC of <0.78 µg/mL against a
variety of Vibrio spp., including V. parahaemolyticus (47).
The JC3 genome encodes for a variety of biosynthetic gene clusters
that could contribute to the observed antibiosis against V. parahaemolyticus.
The genes lodAB encode for marinocine and lead to the production of hydrogen peroxide, which may have a toxic effect on surrounding bacteria (12). Our
experiments show that hydrogen peroxide is not the likely cause of growth inhibition against V. parahaemolyticus PSU 5579 since the presence of exogenous catalase did not reduce the observed antibiosis (Fig. 6). PSU 5579 could
potentially encode for its own catalase enzymes to provide protection against
peroxides (48). We verified the production of bromoalterochromides by JC3,
but these failed to show antibacterial and anti-biofilm potential against PSU
5579, perhaps indicating the presence of resistance mechanisms to these cyclic peptide antibiotics. The presence of the dar gene cluster in the JC3 genome, which encodes for the highly potent and Gram-negative selective antibiotic darobactin (11), suggests that this recently discovered peptide may play a
role in microbial interactions. In this study, we identified the production of trace
quantities of darobactin in monocultures of JC3 (Fig. S11). Insufficient quanti-
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ties of darobactin were produced by JC3 for isolation of the compound and determination of its MIC against PSU 5579. It is possible that the dar biosynthetic
gene cluster (BGC) could be upregulated under co-culture conditions and,
therefore, be responsible for the observed antibiosis effects. In Photorhabdus
khanii, BGCs responsible for the production of darobactin are thought to be
“silent” under typical cultivation conditions (11). By manipulating culture conditions such as using co-cultures (e.g., bacteria-bacteria, bacteria-fungi), modifying pH or adding elicitors such as metals or sugars, bacteria can sometimes
be enticed to turn on silent BGCs (49). Further experiments, including MALDI
MS imaging (50,51), are needed to further explore this possibility. A series of
JC3 knockout mutants targeting dar genes would enable co-culture experiments to further explore its role in microbial interactions and probiotic activity
(52). Wuisan et al. have described a method for heterologous expression of
darobactin in E. coli which would provide sufficient quantities of darobactin for
antibiotic testing against marine pathogens (53).
Targeted LC-MS/MS experiments using multiple reaction monitoring
were used to identify a range of autoinducers produced by JC3, suggesting
the existence of multiple quorum sensing networks to coordinate population
gene expression and behaviors (Fig. 7). Alkyl quinolones are produced by diverse Gram-negative bacteria, including Pseudoalteromonas, Alteromonas
and Burkholderia species, and are utilized for species specific cell-cell communication to elicit phenotypes such as virulence factor production and biofilm
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formation. Over 57 alkyl quinolones have been reported to date, with some being shown to exhibit interspecies and interkingdom activity against bloom forming algae (54) and immune modulation of eukaryotic cells through downregulation of NF-𝜅B (55). AHLs are well-known to regulate QS networks in Gramnegative bacteria and can further be involved in interspecies interactions, for
example in quorum quenching capacities (42). We observed pronounced production of 11 AQs and 11 AHLs by JC3. In our time series experiments, we
further observed successions in AHL and AQ production (Fig. 8) suggesting
that shifts in QS network activation is occurring during bacterial growth. More
studies are now warranted to deduce the pathways being QS-regulated and
how these are involved in interspecies interactions. For example, specialized
metabolite production, biofilm formation, and the utilization of various secretion
systems could all be under the control of quorum sensing (56,57).
Interestingly, we detected high production of a unique nonadecane
(C19) quinolone with one site of unsaturation in JC3 cultures. To our
knowledge, this putative QS compound was previously proposed only once,
and appeared as a minor component of AQs produced by Pseudomonas aeruginosa in a molecular networking experiment (33). In attempts to deduce the
site of unsaturation, we fragmented m/z = 382 (Fig. S11, Fig. S12) and our
data suggests that multiple compounds with a parent mass of 382 and one site
of unsaturation are produced by JC3. After failed attempts to isolate enough
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for rigorous structure elucidation by NMR spectroscopy, ongoing synthetic approaches are now underway to establish its structure and understand its role
in chemical communication.
The production of diverse autoinducers by JC3 suggests an opportunity
to explore quorum quenching as a potential mechanism for probiotic activity.
AHPND-causing V. parahaemolyticus contain the pVA1 plasmid that encodes
for the binary toxins PirA and PirB, and recent evidence suggests that these
may be under QS control (58). PirA and PirB proteins demonstrate potent toxicity at concentrations of 0.4 µg and 1.5 µg, respectively, per gram of shrimp
weight. Bacteria encoding one toxin can cause mortality rates between 2833%, but PirAB toxins work better together causing an 89% mortality rate in
Pacific whiteleg shrimp (59). Mutations that prevent translation of PirAB proteins result in non-pathogenic strains (60).
PirAB toxins enhance swimming motility in QS mutant Vibrio strains
suggesting that additions of PirAB toxins increase the virulence of QS mutants
(61). In a shrimp challenge assay, Vibrios showed an increase in expression
levels of pirA, pirB and luxR genes, supporting QS influence on AHPND infections (62). Alkaloids from the Piper betle L. showed protective effects against
AHPND-causing Vibrio sp., potentially by interfering with QS pathways by upregulating luxO and downregulating luxR (63). This data is consistent with
other studies that suggest that expression levels of pirA and pirB are negatively regulated by expression levels of luxO (58). Moreover, pirA/pirB genes
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are regulated by AphB, which plays a role in virulence gene expression in Vibrio spp. (64).
We found that Artemia nauplii are sensitive to the presence of JC3,
consistent with other studies that have shown detrimental effects of Pseudoalteromonas strains on Artemia survival. Neu et al. reported that Pseudoalteromonas piscicida S2049 achieves 100% mortality of Artemia sp. nauplii after
48 hours when inoculated at high concentrations (107 CFU/mL) (65). Four
strains of P. piscicida (GR1, JL1, JL12, JL15), two strains P. flavipulchra
(GR4, JL18) and one P. arabiensis (JL29) were found to exert varying degrees
of mortality against nauplii (21,66). Alternatively, the same Pseudoalteromonas isolates demonstrated mild or non-existent mortality effects against
whiteleg shrimp (L. vannamei), demonstrating species specific sensitivities or
model-specific effects (66). In a V. parahaemolyticus PSU 5579 challenge assay, Pseudoalteromonas strain JL1 provided improved survival of L. vannamei
in the presence of PSU 5579, further suggesting the potential of Pseudoalteromonas probionts to control AHPND. These data suggest that whiteleg shrimp
are a better model organism for identifying and developing potential probiotic
bacteria belonging to the genus Pseudoalteromonas.
The QS potential of JC3 further points to other potential mechanisms to
investigate for interspecies interactions. We identified genes involved in type 6
secretion systems (T6SS) in the JC3 genome and these may be under QScontrol (56). The T6SS is a contact-dependent nanoweapon used in bacterial
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warfare by many Gram-negative bacteria including Vibrio spp. and Pseudoalteromonas spp. A pilus is ejected from the attacking bacteria and injects toxic
effectors into prey cells. Effectors can range from toxic proteins to small molecules (67). Furthermore, the JC3 genome encodes for OmpA, a key gene involved in outer membrane vesicle formation (68). OMVs are vesicles released
by Pseudoalteromonas, among other bacteria, and encapsulate enzymes (28)
and quinolone signaling molecules (38). Pseudoalteromonas piscicida has
been shown to use OMVs to deliver proteases and peptidases that create
holes in V. parahaemolyticus cells (28).
Future experiments that manipulate the JC3 genome would likely provide valuable mutant strains for deducing the role of key genes in both the
bacterial interactions and in Artemia mortality. Strategic mutations in BGCs
could eliminate production of specific specialized metabolites, and the importance of QS pathways can similarly be probed by creating knock out mutants. T6SS knockouts in the probiont Phaeobacter inhibens have identified
this system as necessary in antibiosis against Vibrio corralliilyticus. (69) To our
knowledge, T6SS have not been evaluated for their effects on Artemia nauplii
or AHPND V. parahaemolyticus The outer membrane protein, OmpA has been
successfully knocked out of various bacteria including Rickettsai rickettsia (70)
and Acinetobacter baumannii (71), making this a promising route for identifying OmpA influence in antibiosis. Furthermore, isolation of outer membrane
vesicles via ultracentrifugation would provide insights on cargo sent from JC3
to neighboring cells (72).

149

In this study, we utilized genomic evidence to design experiments for interrogating potential mechanisms of action for interspecies interactions between the putative probiont JC3 and the AHPND pathogen PSU 5579. To our
knowledge, this is the first experiment that evaluates autoinducer production
over a time series for a Pseudoalteromonas strain, and furthermore highlights
the involvement of an unusual long chain alkyl quinolone in Pseudoalteromonas. Additional avenues for research are now raised, such as the potential
role of darobactin, the involvement of QS regulation, and the influences of type
6 secretion systems and outer membrane vesicle formation have on bacterial
interactions with the AHPND causing strains of V. parahaemolyticus. Future
investigation into the potential immune stimulation of Pseudoalteromonas species in shrimp may also yield insights into the probiotic potential of these marine bacteria.
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Figure 1: Phylogenomic analysis of Pseudoalteromonas sp. JC3 (indicated in
red) created using the Type (Strain) Genome Server (23) and processed using
Inkscape (available from: https://inkscape.org/).
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Figure 2: (A) Co-culture assay with Pseudoalteromonas sp. JC3 (center) on a
lawn of Vibrio parahaemolyticus PSU 5579. Zones of inhibition were measured
as the diameter including the JC3 spot and reported in mm. (B) The average
and standard deviation of a total of 3 colonies and their activity against V.
parahaemolyticus PSU 5579. Pseudoalteromonas sp. JC3 was grown for 24
hours or 72 hours and colonies were then applied to a lawn of V. parahaemolyticus PSU 5579. Ciprofloxacin (5 µg) was used as the control and plated in
triplicate. Pseudoalteromonas sp. JC3 showed antibiotic activity comparable
to the ciprofloxacin control.
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Figure 3: Artemia mortality when exposed to Pseudoalteromonas sp. JC3, V.
parahaemolyticus PSU5579 and both organisms simultaneously. After 72
hours of growth, bacteria result in statistically significant killing of Artemia.
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Figure 4: Artemia cytotoxicity assay when exposed to an enriched fraction of
alterochromides (A) and quinolones (B). Statistics were completed using a
two-way ANOVA test and Dunnett’s multiple comparisons test resulting in no
significance between control (DMSO) and alterochromide treatment.
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Figure 5: Effect of bromoalterochromides (3.3 µg/well) on biofilm production by
Vibrio parahaemolyticus PSU 5579. Planktonic cells are those not attached to
the coverslip. Biofilm cells are those that formed the biofilm on the cover slip
and were washed off and quantified as described in the Method section. Data
is representative of duplicate independent experiments with three technical
replicates per experiment.
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Figure 6: Pseudoalteromonas sp. JC3 (left) spotted onto a lawn of V. parahaemolyticus PSU 5579 next to a catalase loaded disk (right). Proximity of a hydrogen peroxide cleaving enzyme does not affect the zone of growth inhibition
created by the JC3 colony against PSU 5579. This data is representative of
duplicate experiments completed in technical triplicates.
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Figure 7: AHLs and quinolone variations detected in Pseudoalteromonas sp.
JC3 under various growth conditions. Scale indicates counts per second (cps).
Black boxes indicate the metabolites are out of range, m/z 382 = 36,000 cps.
Three types of growth media and two growth conditions resulted in various
AHLs and quinolones produced. Three AHL’s (m/z 256, 284 and 312) were
detected in all culture conditions. Static growth increased the quantity of autoinducers produced at lower concentrations compared to aerobic (shaking) culture conditions. 2-heptyl-4-quinolone (HHQ) was detected at high concentrations among all conditions tested.
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Figure 8: Pseudoalteromonas sp. JC3 production of darobactin and autoinducers over a 456 hour cultivation. The x-axis labels indicate the hour of the sample and the sample number (n=2). Darobactin is not detected in any sample
over the time course experiment. All autoinducers listed in figure S8 and figure
S9 were evaluated but only those that were detected are shown in this data
set.
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CONCLUDING REMARKS
Natural products remain a key source for novel therapeutics. After millions
of years of evolutionary changes, bacteria continue to produce molecules with
complex structures beyond an organic chemist’s imagination. Every molecule
produced by bacteria has a purpose in ecology or human health; one complexity is deducing those roles. In this dissertation, I have explored the roles of
bacterial signaling molecules and the roles they play in marine ecology. Understanding the functions of chemical cues called autoinducers, for functions
other than chemical communication is an integral step in deducing interactions
between microorganisms.
This dissertation explores two relationships with bacteria in the marine
environment: phytoplankton-bacteria and bacteria-bacteria. Bacteria produce
autoinducers to signal group behaviors (virulence, biofilm formation, etc) in a
population dependent manor. Marine bacteria are found in the open ocean
which includes being a key component driving bacterial interplay. Coccolithophore blooms are prudent in driving biogeochemical processes including the
carbon and sulfur cycles. Within these blooms lies a complex composition of
eukaryotic phytoplankton, viruses, and bacteria.
Until now, bloom termination was only thought to be induced by a virus. This
dissertation shows that bloom dynamics are more complex, and bacteria do in
fact, play a role in this interplay between organisms via production of autoinducers.
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In an aquaculture environment, bacteria-bacteria interactions occur between probiotic bacteria and pathogens. Pathogenic infections continue to affect shrimp aquaculture facilities worldwide. The use of probiotics to combat
these pathogenic infections is a preferred treatment opposed to antibiotics
which contributes to antibiotic resistance. Advances in genomic tools enable
us to predict biosynthetic gene clusters.
This dissertation explores potential routes of probiotic effects against
shrimp pathogens using genome mining as a tool for predication of putative
mechanisms. Deducing mechanisms of probiotic effects is necessary for understanding improved treatment regimens for pathogenic bacteria. Alternative
treatments against pathogenic infections are necessary for reducing antibiotic
resistance. Understanding how bacteria communicate and the downstream effects of autoinducers is an integral step in understanding interactions with bacteria.
This body of works helps to increase our understanding of the influence of
autoinducers in marine environments and the potential impacts these interactions have on biogeochemical cycling and alternative treatments against pathogenic bacteria in aquaculture.
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Figure S1: LC-MS/MS Transitions of HHQ.
Figure S2: LC-MS/MS Standard curve of HHQ.
Figure S3: Alkyl quinolone compounds screened for using LC-MS/MS.
Figure S4: N-acyl homoserine lactone and Oxo N-acyl homoserine lactone
compounds screened for using LC-MS/MS.
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Figure S5: Hydroxy quinolone compounds screened using LC-MS/MS analysis.
Figure S6: E. huxleyi cell free supernatant effects on P. galatheae growth and
HHQ production.
Figure S7: Microscopy of E. huxleyi and P. galatheae co-culture.
Figure S8: HHQ degradation in glass and plastic vessles.
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Figure 1: LC-MS/MS Transitions of HHQ. Putative transitions measured by
LC-MS/MS for quantification of HHQ. The chromatogram displays a standard
of HHQ with the corresponding transitions. HHQ elutes at 7.8 minutes and
who product ions are measured. Product ion 159 corresponds to the peak in
red while the product ion, 130 corresponds to the peak in blue. HHQ is quantified based on area under the curve, so the best transition is 159.
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Figure 2: LC-MS/MS Standard curve of HHQ. The curve ranged from 1-800
nM. HHQ is detected using the transitions 244 – 159 and plotted using area
under the curve.
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Figure 3: Alkyl quinolone compounds screened for using LC-MS/MS.

179

Figure 4: N-acyl homoserine lactone and Oxo N-acyl homoserine lactone compounds screened for using LC-MS/MS.
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Figure 5: Hydroxy quinolone compounds screened using LC-MS/MS analysis.
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Figure 6: E. huxleyi cell free supernatant effects on P. galatheae growth and
HHQ production. P. galatheae cell counts when exposed to cell free supernatant are comparable to the P. galatheae control (A). Spikes in HHQ occur and
in a lower concentration in early hours when exposed to cell free supernatants
compared to the P. galatheae control (B).
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Figure 7: Microscopy of E. huxleyi and P. galatheae co-culture. Microscopy of
P. galatheae A757 (A) shows a conglomerate mass of bacterial cells. Red
arrows are indictive of possible protein aggregates causing cells to be
dormant. Emiliania huxleyi CCMP2090 (B) has presumable transparent
exopolymer particles (TEP). The coculture of A757 and CCMP2090 (C) show
multiple regions of TEP most likely housing majority of the bacterial cells within
this culture. Error bar scale is 100 µm.
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Figure 8: HHQ degradation in glass and plastic vessles. HHQ degrades faster
when experiments are conduced in glass vessels vs. plastic polystyrene
bottles. HHQ does not degrade when exposed to laboratory conditions
developed to mimic environmental conditions.
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Table 1: Bromoalterochromides present in the enriched fraction.
Figure S1: Experimental approach for generating Pseudoalteromonas sp. JC3
extracts.
Figure S2: Hydroxyquinolone autoinducers and their corresponding molecular
weights.
Figure S3: Alkyl quinolone autoinducers and their corresponding molecular
weights
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Figure S4: N-acyl homoserine lactone autoinducers and their corresponding
molecular weights.
Figure S5: Production of colored metabolites in shaking vs. static JC3 cultures
over 72 hours.
Figure S6: HPLC chromatograms of extracts from 5-day supernatant and cotton fractions in shaking and static cultures of JC3.
Figure S7: HPLC analysis of specialized metabolites present in shaken and
static cultures after 7 days of growth.
Figure S8: Comparison of specialized metabolites extracted from cell pellets
collected from shaken and static cultures.
Figure S9: Disk diffusion assay of Pseudoalteromonas sp. JC3 culture extracts against Vibrio parahaemolyticus PSU 5579.
Figure S10: HPLC chromatogram of fraction used in the biofilm assay.
Figure S11: Chemical structures of bromoalterochromides (BAC).
Figure S12: LC-MS analysis of BACs in the enriched fraction.
Figure S13: Chemical structure of darobactin.
Figure S14: Detection of darobactin in Pseudoalteromonas sp. JC3 culture
extracts from various growth conditions.
Figure S15: LC-MS/MS analysis of the unsaturated alkyl quinolone at alphaand beta- carbons.
Figure S16: LC-MS/MS analysis of the unsaturated alkyl quinolone at the
gamma- and delta- carbons.
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Table 1: Bromoalterochromides present in the enriched fraction. Compounds
include three congeners of previously reported bromoalterochromides and two
currently unknown analogs.
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Figure 1: Experimental approach for generating Pseudoalteromonas sp. JC3
extracts. JC3 was grown in the presence of 15 g of sterile cotton at 25 °C with
or without shaking. On days 5 and 7, cotton was extracted with methanol and
the supernatant was partitioned with ethyl acetate. For cultures grown 7 days,
the cells were pelleted and extracted with methanol for 1 hour. All organic extracts were concentrated in vacuo and maintained at -20 °C until further analyses.
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Figure 2: Hydroxyquinolone autoinducers and their corresponding molecular
weights. JC3 cultures were screened for these congeners using MRM LCMS/MS.
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Figure 3: Alkyl quinolone autoinducers and their corresponding molecular
weights. JC3 cultures were screened for these congeners using MRM LCMS/MS.
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Figure 4: N-acyl homoserine lactone autoinducers and their corresponding
molecular weights. JC3 cultures were screened for these congeners using
MRM LC-MS/MS.
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Figure 5: Production of colored metabolites in shaking vs. static JC3 cultures
over 72 hours. Cultures on the left were static and cultures on the right were
shaken at 100 rpm. All were incubated at 25 °C.
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Figure 6: HPLC chromatograms of extracts from 5-day supernatant and cotton
fractions in shaking and static cultures of JC3. (A) Extracts from JC3 supernatant extract shaken and static cultures. (B) Cotton extract from JC3 shaken
and static cultures. Molecules were monitored at 395 nm, a wavelength indictive of bromoalterochromides. All samples were at 300 µg.
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Figure 7: HPLC analysis of specialized metabolites present in shaken and
static cultures after 7 days of growth. (A) Extract from JC3 supernatant grown
shaking and static. (B) JC3 cotton extract grown in shaking or static conditions. HPLC was monitored at 395 nm, a wavelength characteristic of bromoalterochromides. All samples were analyzed using 300 µg of sample.
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Figure 8: Comparison of specialized metabolites extracted from cell pellets
collected from shaken and static cultures. (A) Cell pellet extraction from shaking cultures (left) is a pale color and the extraction from the static culture (right)
is a deep orange color. (B) UV-HPLC analysis shows that the cell pellet from
the shaken culture contained over 7-fold more compounds absorbing at 395
nm (calculated by area under the curve) versus those collected from static culture. All samples were analyzed using 300 µg of sample.

195

Figure 9: Disk diffusion assay of Pseudoalteromonas sp. JC3 culture extracts
against Vibrio parahaemolyticus PSU 5579. Pseudoalteromonas sp. JC3 when
grown for 72 hours (top left) and 168 hours (top right and bottom). “S:” indicates the culture was static and “100:” indicates the culture was shaken at 100
rpm. All disks were loaded with 200 µg of material. Ciprofloxacin (5 µg/disk)
was used as the positive control and MeOH (20 µL) was used as the solvent
control.
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Figure 10: HPLC chromatogram of the alterochromide enriched fraction used
in biofilm and cytotoxicity experiments.
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Figure 11: Chemical structures of bromoalterochromides (BAC) detected in the
enriched fraction. BAC A/A’ (2A/2A’), BAC D/D’ (4D/4D’), and BAC B/B’
(5B/5B’). Numbers associated with the structure correspond to peaks on the
LC-MS in figure S12.
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Figure 12: LC-MS analysis of BACs in the enriched fraction. Five major compounds are produced, and identities correspond to Table 1.
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Figure 13: Chemical structure of darobactin.
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Figure 14: Detection of darobactin in Pseudoalteromonas sp. JC3 culture extracts from various growth conditions. Pseudoalteromonas sp. JC3 produces
darobactin in 4 out of 6 media types tested. Darobactin is detected in counts
per second (CPS). JC3 cultivated in YP30 media at 25 °C and 135 rpm provided the best darobactin production; however, these CPS are consistent with
trace quantities only.
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Figure 15: LC-MS/MS analysis of the unsaturated alkyl quinolone at alphaand beta- carbons. Fragmentations support a site of unsaturation at the alphaand beta- carbons of the alkyl chain. The top is the molecular ion corresponding to m/z = 382. Product ion peaks and their proposed structures are shown
below. Two fragments were monitored and support that JC3 produces the
compound with this site of unsaturation.
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Figure 16: LC-MS/MS analysis of the unsaturated alkyl quinolone at the
gamma- and delta- carbons. Here, fragmentations support a site of unsaturation at the gamma- and delta- carbons of the alkyl chain. Peaks corresponding
to fragments can be seen at the 5.5 min mark indicating these correspond to
m/z = 382. Three fragments were monitored and are consistent with a compound with this site of unsaturation.
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Appendix C
Potent Probiotic Potential: Phaeobacter inhibens S4Sm Probiotic Activity in an
Aquaculture Setting

Christian W. Schuttert1, Margaret E. Rosario3, Marta Gomez-Chiarri2 David
Rowley3 and David R. Nelson1*

1

Department of Cell and Molecular Biology, 2Fisheries, Animal and Veterinary

Sciences, 3Biomedical and Pharmaceutical Sciences, University of Rhode Island, Kingston, RI 02881

Submitted for publication in Applied and Environmental Microbiology
Additional figures include specialized metabolite extraction schemes from P.
inhibens S4Sm culture supernatant and data to support knockout experiments.

Method
Cultures were centrifuged at 2500 rpm for 10 min and the supernatant was desalted using a 30 mg/3 mL StrataTM-X 33 µm polymeric solid phase extraction
tube (Phenomenex). Bacterial supernatant (8.0 mL) was loaded onto a preconditioned column (6.0 mL of methanol followed by 6.0 mL of H2O), then
washed with 6.0 mL of 10% methanol in H2O. Next, AHLs were eluted with 1.0
mL of methanol + 0.1% formic acid (FA), concentrated in vacuo, and reconsti-
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tuted at 0.25 mg/mL in 50:50 methanol/water for LCMS/MS analysis. Production of N-acyl homoserine lactones1 was analyzed by LCMS/MS using multiple
reaction monitoring (MRM) whereby molecular ions and the neutral loss of 101
Da, corresponding to 2-amino-gamma butyrlactone, were detected.2
LCMS/MS was accomplished using an AB Sciex QTrap 4500 coupled to a Shimadzu Prominence UFLC system with the following LC conditions: Kinetex®
2.6 µm C8 100 Å 150 × 2.1 mm column (Phenomenex) at 40°C; flow rate of
0.200 mL/min; mobile phase A was 0.1% FA in H2O; mobile phase B was
0.1% FA in methanol; a linear gradient of 50% to 100% mobile phase B occurred over 4 min and was then held at 100% B for 14 min. Mass spectrometry
was conducted between 3.5 - 9.0 min in ESI positive ionization mode with the
following parameters: spray voltage 5.5 kV, nebulizer gas 30, curtain gas 25,
ion spray temperature of 350°C. MS/MS molecule parameters are as follows:
declustering potential 96.0, entrance potential 10.0, collision energy 41.0, collision cell exit potential 9.0. All data is representative of three replicate experiments.
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Reference:
Zhao W, Yuan T, Piva C, Spinard EJ, Schuttert CW, Rowley DC, Nelson DR.
2019. The probiotic bacterium Phaeobacter inhibens downregulates virulence
factor transcription in the shellfish pathogen Vibrio coralliilyticus by N-acyl homoserine lactond production. AEM. Doi:10.1128/AEM.01545-18.
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Figure 1: AHL extraction scheme. Cultures were grown in 10 mL of LB30 at
25°C for 18 hrs, centrifuged then desalted using a Phenomenex StrataX column. Samples were reconstituted at 0.25 mg/mL in MeOH and ran on an ABSciex 4500 mass spectrometer. Data was visualized as a heat map.
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Figure 2: Acyl-homoserine lactones unique to P. inhibens S4.1
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Figure 3: Heat map of three replicate experiments all with technical triplicates.
Black boxes indicate metabolite production is out of range.
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Figure 4: MRM chromatogram of the precursor ion 271.2 Da and the neutral
loss of 101.0 Da. Blue: wild type S4Sm, red is the PgaI mutant, green is the
PgaR mutant. The C10 AHL is produced in high amounts in the wild type while
there is no production in the mutant bacteria.
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Figure 5: MRM LCMS/MS of the neutral loss of 101.0 Da from the precursor
ion of 326.2 Da. Blue is wild type S4Sm, red is the PgaI mutant, green is the
PgaR mutant. The C12 AHL is produced in minimal amounts in wild type
S4Sm and is not produced in the mutant bacteria.
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Appendix D
Staphylococcus aureus Bioassay of Pure Compounds Isolated from Liriodendron tulipifera and Extracts from Magnolia spp.

Margaret E. Rosario, Nana Oblie, Terra Marie M. Jouaneh, David C. Rowley,
Matthew J. Bertin

Department of Biomedical and Pharmaceutical Sciences, University of Rhode
Island, Kingston, Rhode Island, USA

Methods
Minimum Inhibitory Concentration of Liriodendron tulipifera metabolites
Staphylococcus aureus DSM 1104 was grown at 37 °C, 200 rpm for 24 hours
in Luria Broth (LB) (25 g/L LB). Bacteria was diluted by taking 100 µL of culture into 9.9 µL of fresh LB and further diluted taking 1 mL into 9 mL of fresh
LB for a final dilution of 1:1000. Laurenobiolide, costunolide, epi-tulipinolide,
tulipinolide and dehydrocostus lactone were tested in triplicate with triplicate
positive and negative controls being gentamicin sulfate and 2.5% DMSO, respectively. In row A, 195 µL of diluted bacteria was and 5 µL of test sample at
10 mg/mL in DMSO was added. In row B-G 100 µL of diluted bacteria was
added and row A was serially diluted by taking 100 µL of row A and mixing it
with row B etc. discarding the final 100 µL. The plate was covered and incubated at 37 °C for 24 hours. Bacterial growth was assessed by measuring
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OD600 at hour 12 and 24. Minimum inhibitory concentration was determined as
the dilution where bacterial growth was less than OD600 = 0.500.

Disc Diffusion Assay of Magnolia Extracts
Staphylococcus aureus DSM 1104 was grown at 37 °C, 200 rpm for 24 hours
in Luria Broth (LB) then 50 µL was spread to create a lawn on the surface of
an LB agar plate (25 g/L LB, 10 g/L agar) and allowed to dry for 20 minutes.
Test extracts were resuspended in methanol at 10 mg/mL and 20 µL was
loaded onto a sterile 6 mm cotton disc in 10 µL aliquots with 10 minutes of dry
time in between. Gentamicin was used as a positive control and loaded onto
the disc at 20 µg/disc. Methanol was used as the negative control. All test
compounds were tested in duplicate, and controls were tested in quadruple.
Plates were incubated at 37 °C for 18 hours. Zones of inhibition were reported
in mm.
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MRSA Figure 1: Minimum inhibitory concentration data of four compounds isolated from Magnoliids. Four of the five compounds had activity against S. aureus
at low concentrations, laurenobiolide at 7.8 µg/mL, costunolide at 31 µg/mL, epitulipinolide at 62.5 µg/mL and dehydrocostus lactone at 62.5 µg/mL. Tulipinolide
was deemed inactive but showed mild inhibition at 250 µg/mL.
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MRSA Figure 2: Magnolia spp. extracts activity against methicillin resistant
Staphylococcus aureus DSM 1104. M. macrophylla was the only tested extract
to have activity against S. aureus with a zone of inhibition of 17 mm.
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Appendix E
Identification of a bacteria-produced benzisoxazole with antibiotic activity
against multi-drug resistant Acinetobacter baumannii
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Abstract
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The emergence of multi-drug resistant pathogenic bacteria represents a serious and growing threat to national healthcare systems. Most pressing is an immediate need for the development of novel antibacterial agents to treat Gramnegative multi-drug resistant infections, including the opportunistic, hospitalderived pathogen, Acinetobacter baumannii. Herein we report a naturally occurring 1,2-benzisoxazole with minimum inhibitory concentrations as low as
6.25 μg ml-1 against clinical strains of multi-drug resistant A. baumannii and investigate its possible mechanisms of action. This molecule represents a new
chemotype for antibacterial agents against A. baumannii and is easily accessed in two steps via de novo synthesis. In vitro testing of structural analogs
suggest that the natural compound may already be optimized for activity
against this pathogen. Our results demonstrate that supplementation of 4-hydroxybenzoate in minimal media was able to reverse 1,2-benzisoxazole's antibacterial effects in A. baumannii. A search of metabolic pathways involving 4hydroxybenzoate coupled with molecular modeling studies implicates two enzymes, chorismate pyruvate-lyase and 4-hydroxybenzoate octaprenyltransferase, as promising leads for the target of 3,6-dihydroxy-1,2-benzisoxazole.
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Appendix F
Integrating Natural Product Chemistry Workflows into Medicinal Chemistry Laboratory Training: Building the PRISM Library and Cultivating Independent Research

Riley D. Kirk, Marina A. Carro, Christine Wu, Mohamad Jamal Aldine, Alex M.
Wharton, Danielle G. Goldstein, Margaret E. Rosario, Gina M. Gallucci, Yiwen
Zhao, Elizabeth Leibovitz, Matthew J. Bertin*

Department of Biomedical and Pharmaceutical Sciences, University of Rhode
Island, Kingston, Rhode Island, USA

Abstract
Chemical screening libraries often feature natural product extracts (NPEs) due
to the intriguing biological activities they possess and the structural diversity
found in their individual components. A research project originally designed to
create an extract library of every specimen in the University of Rhode Island
(URI) Heber W. Youngken Jr. Medicinal Garden soon turned into a laboratorybased teaching project in which upper-division undergraduate students generated and analyzed extracts in an academic minisemester project. Additionally,
motivated upper-division undergraduates carried out independent research
isolating biologically active molecules. Hands-on laboratory activities enhanced students’ knowledge of methodologies and workflows associated with
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extract analysis and biological evaluation of botanical extracts. The synergy of
the laboratory course with the independent study contributed to workforce
preparation and library generation.
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